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Candidate for Degree of Doctor of Philosophy 
Research was conducted at the Mississippi State University Delta Research and 
Extension Center from 2016 to 2018 to determine the effects of sub-lethal concentrations of 
paraquat, glyphosate, saflufenacil, and sodium chlorate exposure to rice at late-season growth 
stages, determine the effects of exposure to sub-lethal concentrations of glyphosate or paraquat 
on multiple rice cultivars, and characterize the effects of paraquat exposure and Oebalus pugnax 
feeding on rice grain quality. 
In the current research, rough rice grain yields were reduced by exposure to sub-lethal 
concentrations of soybean desiccants 0 to 28 DAH. Rice injury was determined to not be an 
accurate predictor of rough rice grain yield loss as injury did not exceed 20% with any desiccant, 
and no injury was observed from glyphosate applications. Rough rice grain yield reductions were 
reflected in yield component reductions following desiccant exposure. Applications of sub-lethal 
concentrations of glyphosate or paraquat to rice at 50% heading caused rough rice grain yield 
decreases ranging from 0 to 20 and 9 to 21 % respectively. Hybrid cultivars were unaffected 
following glyphosate exposure at 50% heading.   In the current research, observations of 
paraquat exposure or O. pugnax infestation of rice at the soft dough growth stage suggest rice 
may exhibit severe sensitivity to both events in the form of reduced kernel weight and reductions 
 
 
in rice milling quality. Rough rice grain yield reductions coupled with milling quality reductions 
and driven by the proximity of rice to corn, cotton, soybean, and sorghum in Mississippi creates 
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 Rice (Oryza sativa L.) is considered to be one of the most important food crops in the 
world today. Historically, rice ranks second to wheat in global area harvested, yet as a food crop 
rice provides more calories per hectare than any other cereal crop (De Datta 1987). Rice is 
estimated to provide 19% of the total caloric intake and 13% of the total protein for the entirety 
of the world’s population (McKenzie et al. 2014). Worldwide 1.3 billion people rely on rice to 
provide greater than half of their total food, with another 400 million relying on rice to provide 
over one quarter of their total food intake (De Datta 1987). With such great food importance 
worldwide, the sustainability of rice yield and quality globally, as well as in the United States 
plays a major factor in production.  
In 2018 161,197,000 hectares of rice was harvested in over 100 countries globally (IRRI 
2018). Of that approximately 1,080,000 hectares were harvested in the United States, (IRRI 
2018). Rice is grown in two distinct regions throughout the United States, the Sacramento Valley 
of California and a large area in the Midsouthern U.S., including the states of Arkansas, 
Louisiana, Mississippi, Texas, and Missouri (McKenzie et al. 2014). Rice produced in the Mid-
South accounts for greater than 75% of the total rice hectares cultivated in the U.S. (USDA-
NASS 2017).  
In 2018, Mississippi rice producers harvested 58,275 ha of rice (USDA-NASS 2018). 
The majority of rice production in Mississippi occurs in the alluvial floodplain of the Mississippi 
 
2 
and Yazoo Rivers, attributable to the region’s clay-textured soils, environment, and water 
availability (Miller and Street 2008; Buehring 2008). Within this geographical area the counties 
of Bolivar, Sunflower, Tunica, Quitman, and Washington produce a vast majority of the total 
rice in the state of Mississippi (USDA-NASS 2018). 
Within the Mid-South region two rice production systems dominate, either water-seeded 
or direct-seeded, delayed-flood (Harrell and Saichuk 2014; Street and Bollich 2003). While 
water-seeded rice production is utilized in southwestern Louisiana, the states of Arkansas, 
Mississippi, Missouri, and Texas primarily utilize the direct-seeded, delayed flood production 
system (Hardke and Scott 2013; Buehring et al. 2008; Harrell and Saichuk 2014; McCauley 
2014). In the direct-seeded, delayed-flood production system rice is drill-seeded and managed as 
an upland crop until flood establishment 21 to 28 days after emergence (Harrell and Saichuk 
2014; Street and Bollich 2003). In the rice producing area of Mississippi, ideal seeding 
conditions occur between April 1 and May 20 when average air and soil temperature remain 
constantly greater than 15°C (Buehring et al. 2008; Street and Bollich 2003). 
 Rice is a semiaquatic species originating from the Himalayan foothills and associated 
mountain ranges in South and Southeast Asia (Coffman and Juliano 1987). It is a well-adapted 
annual plant grown in a variety of environments between the latitudes of 40o S and 53o N (Chang 
2003). Rice is a determinate plant known to range in height from 85 to 105 cm, varying among 
cultivars (Buehring 2008; Moldenhauer and Gibson 2003). The culm, or plant stem, consists of 
nodes and internodes in alternating order. Nodes bear a leaf and a bud, which may form into a 
tiller, or shoot, while internodes mature to be hollow and finely grooved (Chang and Bardenas 
1965). Rice leaves emerge at an angle from the culm, one at each node; leaves are lanceolate 
with veins paralleling either side of the mid rib leading to auricles at the basal portion which 
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clasp around the stem (Chang and Bardenas 1965; Moldenhauer and Gibson 2003). The panicle 
is a determinate inflorescence extending from the terminal shoot, this is the seed bearing portion 
of the plant and is comprised of a neck, neck node, primary and secondary branch, pedicel, and 
spikelets (Chang and Bardenas 1965; Moldenhauer and Gibson 2003). The spikelet consists of 
two lemmas, the rachilla, and the floret; this structure produces the grain of the rice plant which 
is the ripened ovary (Chang and Bardenas 1965). 
 Rice growth and development may be divided into three phases; the vegetative phase, 
(germination to panicle initiation; PI), the reproductive stage, (PI to flowering), and the ripening 
phase (flowering to maturity) (Buehring 2008; Dunand and Saichuk 2014). The vegetative phase 
is initiated by germination, followed by seedling emergence defined as the point when the first 
internode has elongated and pushed the tip of the coleoptile above the soil surface (Moldenhaur 
et al. 2013). Immediately following emergence, the pre-tillering period persists for 15 to 25 days 
in which the first leaves appear, tillering begins at V5 and continues until maximum tillering is 
met and the reproductive phase begins (Moldenhaur et al. 2013). The reproductive phase begins 
with panicle initiation and is defined as the time when the panicle premordia initiate the 
production of a panicle in the uppermost node of the culm (Moldenhaur et al. 2013). This is 
followed by internode elongation and panicle differentiation, defined as ¾ inch internode 
elongation (Moldenhaur et al. 2013). Following panicle differentiation, the booting stage begins, 
characterized by a swelling of the flag leaf sheath caused by an increase in panicle size within 
the sheath (Moldenhaur et al. 2013). When the panicle begins to protrude from the boot this is 
termed the heading stage, and 50 percent heading is defined as the time when 50 percent of the 
panicles are at least partially protruding from the boot (Moldenhaur et al. 2013). Once panicles 
have exited the boot entirely, flowering begins and pollination occurs (Moldenhaur et al. 2013). 
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The ripening phase follows pollination and is characterized by grain growth, the ripening phase 
consists of four steps; milk, soft dough, hard dough, and maturity (Moldenhaur et al. 2013). 
 The off-target movement of a herbicide application, or herbicide drift, is defined as the 
movement of herbicide particles through the air soon after application to any off target location 
(Dexter 1995; EPA 2017). The extent of off-target movement of herbicide applications can be 
influenced by a variety of factors including environment, nozzle size, droplet size, spray 
pressure, nozzle angle, herbicide formulation, application speed, and boom height (Dexter 1995; 
Henry et al. 2004). Off -target movement of herbicides commonly occurs in three ways spray 
droplet, particle, and vapor (Fishel and Ferell 2016). Spray droplet off-target movement occurs 
when herbicides move to an off-target location during application and is considered to be the 
most common form (Fishel and Ferrell 2016). Particle off-target movement occurs when solid 
particles such as soil or dust herbicide formulations move off-target, while vapor off-target 
movement is a function of environmental conditions and herbicide formulations (Fishel and 
Ferrell 2016; Jordan et al. 2009). In Mississippi, rice accounts for only 6% of the total row crop 
hectarage and is commonly grown in close proximity to a variety of other crops, including corn, 
soybean, and cotton (USDA 2017). The close proximity to these crops creates great potential for 
off-target herbicide movement onto rice fields throughout the growing season. 
 The increasing use of harvest aids on soybean and cotton throughout the mid-south 
creates the potential for the off-target movement of herbicides onto rice fields throughout the 
entirety of the growing season, including during reproduction and ripening stages. Traditionally, 
the use of herbicides as a harvest-aid was intended to desiccate weeds, improve crop quality and 
increase harvest efficiency (Griffin et al. 2010). However, in recent years the usage of harvest 
aids in the early soybean production system (ESPS) adopted in mid-south has become of great 
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importance for crop harvestability (Griffin et al. 2010). Earlier maturing indeterminate soybean 
cultivars utilized in the ESPS have high rates of leaf retention along with the presence of green 
stems and/or green pods, which can delay or prevent harvest (Boudreaux et al. 2007).  Soybean 
plants left in the field past physiological maturity may expose the seed to adverse weather 
conditions reducing both yield and quality. Yield losses due to delayed harvest have been 
estimated to occur at a rate of 0.2% per day (Boudreaux and Griffin 2008; Philbrook and 
Oplinger, 1989). The use of harvest aids in soybean has allowed producers to expedite and 
increase harvest efficiency in the ESPS. In 2018, approximately 70% of soybean hectarage in 
Mississippi received a harvest aid application (T. Irby, personal communication). Glyphosate, 
paraquat, saflufenacil, and sodium chlorate are the most commonly recommended harvest-aid 
herbicides in Mississippi. For the purpose of this research these four herbicides will be reviewed 
alone and in combination simulating off-target movement onto a rice field. 
 As a soybean harvest-aid, Mississippi recommends the use of glyphosate (842 to 3,932 g 
ae ha-1) after all pods have lost green color, with a minimum of 7 days between herbicide 
application and harvest (Anonymous 2018). Glyphosate is a non-selective, foliar applied, 
systemic herbicide which inhibits the enolpyruvyl shikimate-3-phosphate synthase pathway 
(Shaner 2014a). Soon after glyphosate application plant growth is inhibited, followed by general 
foliar chlorosis and necrosis within 4-7 d for highly susceptible grasses and 10-20 d for less 
susceptible species (Shaner 2014a). As a harvest-aid glyphosate has been observed to adequately 
desiccate susceptible dry bean varieties, while having no effect on yield or seed quality 
parameters (McNaughton et al. 2015). In glyphosate-resistant soybean production systems, 
glyphosate applied as a harvest-aid has been shown to increase harvest efficiency while reducing 
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weed seed production and viability (Whigham and Stoller 1979; Clay and Griffin 2000; Isaacs et 
al. 1989). 
 The use of paraquat as a soybean harvest aid in Mississippi is recommended at a use rate 
of 140 to 280 g ai ha-1, when soybeans are fully developed with at least half of leaves dropped 
and remaining leaves turning yellow and a harvest interval of 15 days must be observed after 
herbicide application (Anonymous 2018). Paraquat is a non-selective, foliar applied herbicide, 
which inhibits the flow of electrons in photosystem I in susceptible plants (Shaner 2014b). 
Shortly after application paraquat is absorbed causing rapid wilting and desiccation visible 
within several hours with complete foliar necrosis occurring 1-3 days after application (DAA) 
(Shaner 2014b). Paraquat applied as a soybean harvest-aid has been observed to improve 
soybean harvest efficiency along with crop quality (Boudreaux and Griffin 2008). As measured 
by days to complete desiccation, paraquat was observed to be the most effective soybean 
harvest-aid when compared to glyphosate and ametryn (Whigham and Stoller 1979). 
 Sodium Chlorate is recommended as a soybean harvest-aid in Mississippi at a rate of 
6,741 g ai ha-1 applied to soybeans ready to harvest at least 7 days before harvest (Anonymous 
2018). Sodium Chlorate is commonly applied as a harvest aid, a soil-sterilant, or for general 
weed control on non-crop land (Shaner 2014c). It is a strong oxidizing agent in plants and may 
act to block protein sulfation (Shaner 2014c). Sodium Chlorate is readily adsorbed into plant 
foliage and roots where it rapidly causes plant desiccation (Shaner 2014c). When applied as a 
harvest aid sodium chlorate was observed to decrease both seed production and germination of 
sicklepod, hemp sesbania, and pitted morningglory (Bennett and Shaw 2000). When applied 
alone or in combination with paraquat, sodium chlorate has been shown to expedite desiccation, 
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improve harvest efficiency, and decrease weed-seed production and germination (Griffin et al. 
2010). 
 The use of saflufenacil as a soybean harvest-aid is recommended in Mississippi to be 
applied at a rate of 24 to 49 g ai ha-1 when soybeans have reached physiological maturity, with a 
minimum of 3 days before soybean harvest (Anonymous 2018). Saflufenacil is a broad spectrum 
non-selective herbicide, which inhibits the enzyme proporphyrinogen oxidase (Shaner 2014d). 
Following herbicide application saflufenacil is rapidly absorbed by roots and foliage, then 
translocated via the xylem (Shaner 2014d). Susceptible emerged weeds develop chlorosis and 
necrosis within hours after application and plant death as a result of membrane damage occurs 
within a few days (Shaner 2014d). Applied as a harvest aid in dry beans saflufenacil was 
observed to increase desiccation progress while showing no impact on yield or seed quality 
(McNaughton 2015). 
 Rice production in the Mid-South U.S. consists mostly of long-grain cultivars stemming 
from tropical japonica heritage, while medium-grain cultivars are also grown in moderation 
filling geographical or industrial niches (McKenzie et al. 2014). In recent years F1 hybrid 
cultivars, containing indica and tropical japonica parentage, have seen an increase in production 
hectarage due to their yield advantages along with disease resistance and shorter vegetative stage 
duration (Lyman and Nalley 2013). Although cultivated in the same environment and production 
systems, inbred long-grain cultivars, inbred medium-grain cultivars, and hybrid cultivars exhibit 
differing growth habits and have been observed to exhibit differential responses and tolerance to 
herbicides (Bond and Walker 2011; Bond and Walker 2012; Scherder et al. 2004; Willingham et 
al. 2008; Zhang et al. 2005; Montgomery et al. 2014). 
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 Previous research has indicated that long-grain cultivars may exhibit greater tolerance to 
herbicides than that of medium-grain or hybrid cultivars (Bond and Walker 2011, 2012; Bond et 
al. 2007; Scherder et al. 2004; Willingham et al. 2008). Bond and Walker (2011) compared the 
response of the inbred long-grain cultivar ‘CL161’ with two hybrid cultivars ‘CLXL729’ and 
‘CLXL745’ to the herbicide Imazamox. When Imazamox was applied across five differing 
growth stages, hybrid cultivars were observed to exhibit less tolerance and greater yield 
reductions than that of the inbred cultivar (Bond and Walker 2011). A similar study evaluating 
the cultivar differences to quinclorac applications observed variable tolerance among rice 
cultivars where yields of the inbred long-grain cultivar ‘Cheniere’ and the hybrid cultivar 
‘XL723’ were reduced more than that for the inbred long-grain cultivar ‘Bowman’ over two 
siteyears, (Bond and Walker 2012). Willingham et al. (2008) observed that the hybrid cultivar 
‘XP172’ was less tolerant to penoxsulam than inbred long- or medium-grain cultivars. Zhang et 
al. (2005) evaluated cultivar differences to application of bispyribac-sodium and reported five 
inbred long-grain rice cultivars exhibited equivalent tolerance, but two medium-grain cultivars 
exhibited differential tolerance amongst one another and to that of the long-grain cultivars. A 
study evaluating cultivar response to applications of saflufenacil reported that hybrid and inbred, 
medium-grain cultivars were injured more than inbred, long-grain cultivars (Montgomery et al. 
2014). Research conducted by Kurtz and Street (2001) evaluating rice response to glyphosate 
applied to simulate drift reported yield reduction differences across three inbred long-grain 
cultivars ‘Cypress’, ‘Lemont’, and ‘Priscilla’. Yield reductions were observed to be significantly 
less for the cultivar ‘Lemont’ (8%) than that of ‘Cypress’ (87%) or ‘Priscilla’ (67%) when 
glyphosate was applied at the boot growth stage at a rate of 70 g ai ha-1 (Kurtz and Street 2001). 
Similar results were observed by Koger and associates (2005) where the inbred long-grain 
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cultivar ‘Cocodrie’ exhibited greater yield reductions than the inbred long-grain cultivar 
‘Priscilla’ at comparable glyphosate rates (Koger et al. 2005). The most likely explanations for 
varied herbicide tolerance among long- and medium-grain rice cultivars is differences in 
tolerance among the parent lines utilized in cultivar development. Wenefrida et al. (2004) 
reported that the parent line for ‘CL161’ was eight times more tolerant to imazethapyr than the 
parent line for ‘CL121’, however information is limited on why these differences exist. 
Differences among parent lines may explain tolerance differences between inbred and hybrid 
cultivars as well (Bond and Walker 2011).  
 The use of desiccants for crop and weed desiccation has expedited and increased harvest 
efficiency throughout the Mid-South; however, the risk of off-target herbicide movement during 
these applications can be great. Off-target herbicide movements during application has been 
suggested to contain somewhere between 1/10 to 1/100 of the applied rate dependent upon 
distance and environmental factors (Wolf et al. 1992; Al-Khatib and Peterson 1999). Off-target 
herbicide movement of sub-lethal rates has been documented to negatively impact numerous 
crops including corn, cotton, grain sorghum, soybean, and wheat (Al-Khatib et al., 2003; Ellis 
and Griffin 2002; Anderson et al. 2004; Marple et al. 2008; Ellis et al. 2002; Lawrence et al. 
2016; Roider et al. 2007). Grain Sorghum was observed to exhibit injury levels up to 78% 2 
weeks after treatment when glyphosate was applied at 112 g ae ha-1 (Al-Khatib et al. 2003). Ellis 
and Griffin (2002) reported glyphosate applied during the V3 soybean growth stage injured 
soybean 29 and 18% at rates of 140 and 70 g ha-1 respectively (Ellis & Griffin 2002). Dicamba 
applied to soybean at 5.6 g ha-1 during the V3 growth stage was observed to reduce yield 34% 
(Anderson et al. 2004). Cotton exhibited injury levels up to 88% 28d following applications of 2-
4-D at 2.8 g ha-1 during the three- to four-leaf growth stage (Marple et al. 2008). Ellis et al. 
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(2002) reported corn yields were reduced by 52 and 62% when glyphosate was applied during 
the V6 growth stage at rates of 70 and 140 g ha-1 respectively. Similar results were observed 
when paraquat was applied to corn at 105 g ha-1, where yields were reduced 0.5% d-1 from 
emergence through V9 growth stages (Lawrence et al. 2016). Roider et al. (2007) reported wheat 
yields were reduced by 72, 45, and 54% when glyphosate was applied at a rate of 140 g ha-1 
during the first node, boot, and early flowering growth stages. 
 Sensitivity of rice to off-target herbicide movement has been documented throughout 
literature; however, the severity of injury may vary with herbicide rate, formulation, and rice 
growth stage (Webster et al. 2016; Bond et al. 2006; Hensley et al. 2012; Namenek 2001; Ellis et 
al. 2003). Webster et al. (2016) reported rice injury of 32% 7 d after treatment (dat) when 
imazamox was applied to rice at a rate of 5.5 g ha-1. Subsequent applications at panicle 
differentiation, boot, and maturity growth stages showed significantly less injury 7 dat, 
suggesting that rice injury is more severe when imazamox is applied during the early, vegetative 
growth stage of rice (Webster et al. 2016). Significant yield reductions were also observed due to 
imazamox applications as total crop yield was decreased 38, 11, 53, and 0% when applied at a 
rate of 5.5 g ha-1 during the one-tiller, panicle differentiation (PD), boot, and maturity growth 
stages, respectively (Webster et al. 2016). Bond et al. (2006) reported yield reductions of 9 and 
39% when imazethapyr plus imazapyr premix was applied to rice at a rate of 7.9 g ha-1 during the 
two leaf and panicle differentiation growth stages respectively. When imazethapyr was applied 
to non-Clearfield® rice at a rate of 4.4 or 8.7 g ha-1 significant yield reductions were observed at 
the one-tiller, PD, and boot growth stages, with the greatest yield reductions due to applications 
at the boot growth stages (Hensley et al. 2012). Imazethapyr applications to rice at maturity had 
no effect on rice yield (Hensley et al. 2012). Glufosinate applied at 53 g ha-1 during PD was 
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observed to cause a rice injury rating of 35%, while yield reductions were <30% (Ellis et al. 
2003).  Paraquat application at rates of 2,696 and 262 g ai ha-1 was observed to cause significant 
rice yield reductions of 92 and 52% respectively, when applied 14 d after flooding (Namenek 
2001). 
 Severe sensitivity of rice to exposure of sub-lethal rates of glyphosate has been reported 
(Kurtz and Street 2003; Ellis et al. 2003; Koger et al. 2005; Hensley et al. 2013; Davis et al. 
2011). Kurtz and Street (2003) reported significant rice yield reductions of 28, 66, and 98%, due 
to glyphosate application at rates of 70, 140, and 280 g ha-1, respectively. When glyphosate was 
applied at a rate of 280 g ha-1 yield reductions were observed across multiple growth stage 
timings including mid-tiller, panicle initiation, and boot, however when glyphosate was applied 
at a rate of 70 g ha-1 yield reductions were only observed with boot growth stage timing (Kurtz 
and Street 2003). Kurtz and Street (2003) reported visible injury due to glyphosate applications 
did not correlate to rice yield losses as visible injury rating decreased at latter growth stages 
while yield reductions increased. Similar research observed rice injury following exposure to 
glyphosate at a rate of 140 g ha-1 was <15% when applied during panicle differentiation, 
however yield was observed to be reduced by 54% (Ellis et al. 2003). Koger et al. (2005) 
reported rice yield reductions increased as herbicide rate increased due to sub-lethal rate 
exposure of glyphosate, characterized by fewer kernels, blanked kernels, panicle deformation, 
and the parrot beaking of kernels; however, no differences were observed in rice milling quality. 
Hensley et al. (2013) observed glyphosate applied at rates of 54 and 108 g ha-1 at one-tiller, 
panicle differentiation, and boot growth stages resulted in reduced plant height and significant 
yield reductions, while applications to mature rice had no effect on plant height or yield. 
Congruent with Kurtz and Street (2003) observations, Hensley et al. (2013) reported little to no 
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visible foliar injury when applications were made during reproductive growth stages, although 
yield reductions were greatest when applications were made during these timings. Davis et al. 
(2011) reported significant yield reductions following applications of glyphosate at 12.5 to 50% 
of the recommended use rate regardless of application timing. Yield reductions were greatest 
when glyphosate was applied at the boot growth stage with yield reduction >80% (Davis et al. 
2011). 
 Ideal seeding dates for rice in Mississippi range from April 1 to May 20, with common 
rice varieties ranging from 80-95 days to 50% heading (Anonymous 2019). Therefore, rice 
reproduction and ripening often coincides with soybean desiccation and harvest throughout the 
state creating great potential for off-target herbicide movement. In this early soybean production 
system, throughout the mid-south the recommended desiccants glyphosate, paraquat, 
saflufenacil, and sodium chlorate applied alone or in combination expedite and increase soybean 
harvest efficiency, but may increase the incidence of off-target movement of these herbicides 
during this time. Rice visual injury symptoms during the latter growth stages may not be 
indicative of potential yield loss incurred due to off-target movement and subsequent herbicide 
exposure (Kurtz and Street 2003; Hensley et al. 2013; Ellis et al. 2003). Extensive research has 
documented the effects on rice growth and development due to exposure to sub-lethal herbicide 
rates during the vegetative to reproductive growth stages (Webster et al. 2016; Bond et al. 2006; 
Hensley et al. 2012; Kurtz and Street 2003; Ellis et al. 2003; Koger et al. 2005; Hensley et al. 
2013; Davis et al. 2011). However, little data has been published on rice response following 
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RICE (ORYZA SATIVA) RESPONSE AS INFLUENCED BY EXPOSURE TO  
SUB-LETHAL CONCENTRATIONS OF PARAQUAT, GLYPHOSATE,  
SAFLUFENACIL, AND SODIUM CHLORATE AT MULTIPLE  
LATE-SEASON APPLICATION TIMING. 
Abstract 
In Mississippi, rice reproduction and ripening often overlaps with soybean maturation 
creating potential for herbicide exposure from desiccants onto rice. Six concurrent studies were 
conducted at the Delta Research and Extension Center in Stoneville, MS from 2016 to 2018 to 
determine the response of rice to sub-lethal concentrations of soybean desiccants during 
reproductive and ripening growth stages. Studies included the desiccants paraquat, glyphosate, 
saflufenacil, sodium chlorate, paraquat and saflufenacil, and paraquat and sodium chlorate. 
Treatments were applied at five differing rice growth stages beginning at 50% heading, 0 d after 
heading (DAH), with subsequent applications at one week intervals (0, 7, 14, 21, and 28 DAH) 
up to harvest. Injury was observed with five of six desiccants at all application timings. No injury 
was observed with glyphosate application across all rating intervals. In the studies evaluating 
paraquat injury was >5% at all evaluations regardless of application timing. Rough rice grain 
yield was reduced in four of the six studies. In studies evaluating saflufenacil and sodium 
chlorate rough rice grain yield was >95% across all application timings. In contrast, rough rice 
grain yield following all glyphosate applications was reduced by >6%. Rough rice grain yield 
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was reduced >12% 0 to 21 DAH, following paraquat application. Similar trends were observed 
with paraquat and saflufenacil and paraquat and sodium chlorate, with rice exhibiting yield 
decreases >6% following an application 0 to 14 and 0 to 21 DAH, respectively. Yield component 
trends closely resembled reductions observed in rough rice grain yield. Reductions in head rice 
yield were >5% following applications of paraquat or paraquat and saflufenacil 0 to 14 and 0 to 
21 DAH respectively. Late-season exposure to sub-lethal concentrations of desiccant from 50% 
heading (0 DAH) to 28 DAH has an impact on rough rice grain yield, yield components, and 
head rice yield.  
Introduction 
In 2018, Mississippi rice producers harvested 56,275 ha of rice (USDA-NASS 2018). 
The majority of rice production in Mississippi occurs in the alluvial floodplain of the Mississippi 
and Yazoo Rivers, attributable to the region’s clay-textured soils, environment, and water 
availability (Miller and Street 2008; Buehring 2008). Within this geographical area the counties 
of Bolivar, Sunflower, Tunica, Quitman, and Washington produce a vast majority of the total 
rice in the state of Mississippi (USDA-NASS 2018). 
In Mississippi, the direct-seeded, delayed-flood production system dominates. In this 
system, rice is drill-seeded and managed as an upland crop until flood establishment 21 to 28 
days after emergence (Harrell and Saichuk, 2014; Street and Bollich, 2003). Ideal seeding 
conditions occur between April 1 and May 20 when average air and soil temperature remain 
constantly greater than 15°C (Buehring et al. 2008; Street and Bollich 2003), with common rice 
cultivars ranging from 80-95 days to reach 50% heading (Anonymous 2019). The adoption of the 
early soybean production system (ESPS) within this geographical area places optimum soybean 
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[Glycine max (L.) Merr.] planting dates between March 20 and May 31 and coinciding maturity 
dates range from August 7 to October 8 (Salmeron et al. 2014).   
Therefore, rice reproduction and ripening often coincides near soybean maturation and 
harvest throughout Mississippi, creating potential for off-target herbicide movement from 
desiccants applied to soybean. Traditionally, the use of herbicides as a harvest-aid was intended 
to desiccate weeds, improve crop quality, and increase harvest efficiency (Griffin et al. 2010). In 
recent years the use of desiccants in the ESPS adopted in midsouthern U.S. has become of great 
importance for crop harvestability (Griffin et al. 2010). Soybean plants left in the field past 
physiological maturity may expose the seed to adverse weather conditions reducing both yield 
and quality. Yield losses due to delayed harvest have been estimated to occur at a rate of 0.2% d-
1 (Boudreaux and Griffin 2008; Philbrook and Oplinger 1989). In 2018, approximately 70% of 
soybean hectarage in Mississippi received a desiccant application (T. Irby, personal 
communication). Specifically, MSU Extension Service recommends paraquat, glyphosate, 
saflufenacil, and sodium chlorate applied alone or in combination to expedite and/or increase 
soybean harvest efficiency.  
 As a soybean desiccant, Mississippi recommends the use of glyphosate (842 to 3,932 g ae 
ha-1) after all pods have lost green color, with a minimum of 7 days between herbicide 
application and harvest (Anonymous 2018). Glyphosate is a non-selective, foliar applied, 
systemic herbicide which inhibits the enolpyruvyl shikimate-3-phosphate synthase pathway 
(Shaner 2014a). In glyphosate-resistant soybean production systems, glyphosate applied as a 
desiccant has been shown to increase harvest efficiency while reducing weed seed production 
and viability (Whigham and Stoller 1979; Clay and Griffin 2000; Isaacs et al. 1989). The use of 
paraquat as a soybean desiccant in Mississippi is recommended at a use rate of 140 to 280 g ai 
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ha-1, when soybeans are fully developed with at least half of leaves dropped and remaining 
leaves turning yellow and a harvest interval of 15 days must be observed after herbicide 
application (Anonymous 2018). Paraquat is a non-selective, foliar applied herbicide, which 
inhibits the flow of electrons in photosystem I in susceptible plants (Shaner 2014b). As measured 
by days to complete desiccation, paraquat was observed to be the most effective soybean 
harvest-aid when compared to glyphosate and ametryn (Whigham and Stoller 1979). Sodium 
Chlorate is recommended as a soybean desiccant in Mississippi at a rate of 6,741 g ai ha-1 
applied to soybeans ready to harvest at least 7 days before harvest (Anonymous 2018). When 
applied alone or in combination with paraquat, sodium chlorate has been shown to expedite 
desiccation, improve harvest efficiency, and decrease weed-seed production and germination 
(Griffin et al. 2010). The use of saflufenacil as a soybean desiccant is recommended in 
Mississippi at a rate of 24 to 49 g ai ha-1 when soybeans have reached physiological maturity, 
with a minimum of 3 days before soybean harvest (Anonymous, 2018). Saflufenacil is a broad 
spectrum non-selective herbicide, which inhibits the enzyme proporphyrinogen oxidase (Shaner 
2014d). Applied as a harvest aid in dry beans saflufenacil was observed to increase desiccation 
progress while showing no impact on yield or seed quality (McNaughton 2015). 
The off-target movement of a herbicide application, or herbicide drift, is defined as the 
movement of herbicide particles through the air soon after application to any off target location 
(Dexter 1995; EPA 2017). The extent of off-target movement of herbicide applications can be 
influenced by a variety of factors including environment, nozzle size, droplet size, spray 
pressure, nozzle angle, herbicide formulation, application speed, and boom height (Dexter 1995; 
Henry et al. 2004). Off -target movement of herbicides commonly occurs in three ways; spray 
droplet, particle, and vapor (Fishel and Ferell 2016). Spray droplet off-target movement occurs 
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when herbicides move to an off-target location during application and is considered to be most 
common (Fishel and Ferrell 2016). Particle off-target movement occurs when solid particles such 
as soil or dust herbicide formulations move off-target (Fishel and Ferrell 2016). Vapor off-target 
movement is a function of environmental conditions and herbicide formulations (Fishel and 
Ferrell 2016; Jordan et al. 2009).  
 The use of desiccants for crop and weed desiccation has expedited and increased harvest 
efficiency throughout the midsouthern U.S.; however, the risk of off-target herbicide movement 
during these applications can be great. Off-target herbicide movements during application has 
been suggested to contain from 1/10 to 1/100 of the applied rate dependent upon distance and 
environmental factors (Wolf et al. 1992; Al-Khatib and Peterson 1999). Off-target herbicide 
movement of sub-lethal rates has been documented to negatively impact numerous crops 
including corn (Zea mays L.), cotton (Gossypium hirsutum L.), grain sorghum [Sorghum bicolor 
(L.) Moench], soybean, and wheat (Triticum aestivum L.) (Al-Khatib et al. 2003; Ellis and 
Griffin 2002; Anderson et al. 2004; Marple et al. 2008; Ellis et al. 2002; Lawrence et al. 2016; 
Roider et al. 2007). Sensitivity of rice to off-target herbicide movement has been documented 
throughout literature; however, the severity of injury may vary with herbicide rate, formulation, 
and rice growth stage (Webster et al. 2016; Bond et al. 2006; Hensley et al. 2012; Namenek 
2001; Ellis et al. 2003). Similarly, sensitivity of rice to exposure of sub-lethal rates of glyphosate 
has been reported (Kurtz and Street 2003; Ellis et al. 2003; Koger et al. 2005; Davis et al. 2011). 
In Mississippi, rice accounts for only 3% of the total row crop hectarage and is 
commonly grown near a variety of other crops, including corn, soybean, and cotton (USDA-
NASS 2018). The close proximity to these crops creates great potential for off-target herbicide 
movement onto rice fields throughout the growing season. With the adoption of EPSP and 
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increasing soybean desiccant usage, potential for rice exposure to sub-lethal concentrations of 
soybean desiccants extends throughout the entirety of the growing season. Therefore, the primary 
objective of this research was to evaluate rough rice grain yield, yield component, and milling 
quality response to sub-lethal concentrations of common desiccants applied late in the season. 
This will provide data for accurate rice management decisions regarding exposure to soybean 
desiccants.  
Materials and Methods 
 Six concurrent studies were conducted from 2016 to 2018 to determine the response of 
rice to sub-lethal concentrations of soybean desiccants applied during reproductive and ripening 
growth stages. Each year studies included paraquat (Paraquat Study), glyphosate (Glyphosate 
Study), saflufenacil (Saflufenacil Study), sodium chlorate (Sodium Chlorate Study), paraquat 
and saflufenacil (Paraquat and Saflufenacil Study), and paraquat and sodium chlorate (Paraquat 
and Sodium Chlorate Study). Research was established in Stoneville, MS, at the Mississippi 
State University Delta Research and Extension Center. Global positioning system coordinates, 
soil series, soil description, previous crop, soil pH, and soil organic matter (OM) for each study 
are described in Table 2.1.   
Each year a management plan consisting of glyphosate (Roundup PowerMax 4.5 L, 1,120 
g ae (acid equivalent) ha-1, Monsanto Company, 800 N. Lindburgh Blvd., St. Louis, MO 63167) 
and/or paraquat (Gramoxone 2.0 SL, 560 g ai (active ingredient) ha-1, Syngenta Crop Protection, 
P.O. Box 18300 Greensboro, NC 27409) was applied at each site year to control emerged 
vegetation. Clomazone (Command 3 ME, 498 g ai ha-1, FMC Corporation, 1735 Market St., 
Philadelphia, PA 19103) plus saflufenacil (Sharpen 2.85 SC, 4.5 g ai ha-1, BASF Crop 
Protection, 26 Davis Dr., Research Triangle Park, NC, 27709) were applied PRE each site year 
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for residual weed control. Propanil, (Stam M4, 1,121 g ai ha-, RiceCo, 5100 Poplar Avenue, 
Suite 2428, Memphis, TN 38137) 1 and quinclorac (Facet 1.50 SL, 375 g ai ha-1, BASF Crop 
Protection, 26 Davis Dr., Research Triangle Park, NC, 27709) plus halosulfuron (Permit 75 DF, 
12 g ai ha-1, Gowan Company, P.O. Box 5569, Yuma, AZ 85364) were applied preflood. Across 
all studies N fertilizer was applied at a uniform rate of 80 kg N ha-1 in the form of urea (46-0-0) 
prior to flood establishment. When rice reached the two tiller stage a 6-10 cm permanent flood 
was established across all plots. Rice management closely followed the Mississippi State 
University Extension Service recommendations for stand establishment, pest management, and 
irrigation management (Buehring 2008). 
At each site-year, the rice cultivar ‘CL163’ (HorizonAg, 8275 Tournament Dr. Suite 255, 
Memphis, TN 38125) was drill-seeded at 83 kg ha-1 using a small-plot grain drill (Great Plains 
1520, Great Plains Mfg, Inc., 1525 East North St., Salina, KS 67401) into conventionally tilled 
plots. Plots measured 1.5 x 4.5 m, containing 8 rows of rice spaced 20 cm apart, 4.5 m in length 
and separated by a perpendicular alley 1.5 m in width. Treated plots were bordered on either side 
by identically sized buffer plots to minimize treatment contamination across the field.  
The experimental design for all studies a randomized complete block with four 
replications. All desiccant treatments were applied at 1/10 of the recommended desiccant use rate 
in Mississippi (Wolf et al. 1992; Anonymous 2018), using a CO2-pressurized backpack sprayer 
equipped with flat-fan nozzles (AM11002 nozzle, Greenleaf Technologies, 230 E Gibson St., 
Covington, LA 70433) set to deliver 140 L ha-1 at 206 kPa using water as a carrier. Simulated 
off-target movement tested with constant carrier volume utilizes reduced herbicide rates to 
simulate low concentration exposure (Ellis et al. 2002; Davis et al. 2011). All desiccant 
treatments included MSO at 1% v/v. Within each study, treatments were applied at five rice 
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growth stages beginning at 50% heading (when 50% of panicles had emerged from the leaf 
sheath), denoted as 0 days after heading (DAH), with subsequent applications at one week 
intervals (0, 7, 14, 21, and 28 DAH) up to harvest. A nontreated control was included for 
comparison. Studies consisted of paraquat at 28 g ha-1, sodium chlorate (Defol 5, Drexel 
Chemical Company, P.O. Box 13327 Memphis, TN 38113) at 280 g ha-1, saflufenacil at 5 g ha-1, 
glyphosate at 126 g ha-1, paraquat and sodium chlorate at 28 and 280 g ha-1 respectively, and 
paraquat and saflufenacil at 28 and 5 g ha-1 respectively.  
In all studies, Visible estimates of rice injury were recorded 3, 7, 14, 21, and 28 d after 
application (DAA) on a scale of 0 to 100% with 0 indicating no visual effect of herbicides and 
100 indicating complete plant death. At maturity, whole aboveground portions of rice plants 
were collected from a random 1-m section from rows 2 or 7 in each plot to determine rice dry 
weight, yield components, and harvest index. Plots were then mechanically harvested with a 
small-plot combine (Wintersteiger Delta, Wintersteiger, Inc., 4705 W. Amelia Earhart Dr., Salt 
Lake City, UT 84116) to obtain rough rice yield. Rough rice grain yields were recorded and 
adjusted to 12% moisture for uniform statistical yield analysis. Hand-harvested samples were 
allowed to dry in the greenhouse for 2 weeks at 32 to 49 (± 5) C, then weighed to determine rice 
dry weight, and weights were converted to g m-2. The total number of panicles in each hand-
harvested sample were counted to determine panicle number m-2. Hand-harvested samples were 
then threshed using a plot thresher to determine total seed number m-2, total seed weight m-2, 
seed panicle-1, and 1000-grain weight. Harvest index in each plot was calculated by dividing the 
grain weight by the total plant dry weight. Total milled (consisting of whole and broken kernels) 
and head rice (consisting of whole kernels) yields were then determined from cleaned 120-g 
subsamples of rough rice utilizing the procedure outlined by Adair et al. (1972). For all 
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parameters, percentage of nontreated control data were calculated by dividing the data from the 
treated plot by that in the nontreated control plot in the same replication and multiplying by 100.  
 Rough rice grain yield, yield components, total and head milled rice in all studies were 
regressed against days after 50% heading (DAH) allowing for both linear and quadratic terms 
with coefficients depending on DAH and non-significant model terms were removed 
sequentially until a satisfactory model was obtained (Golden et al. 2006). For each relationship, 
maximum relative yield was defined as 5% less than the predicted maximum (100%) (Slaton et 
al. 2010). As a result of unbalanced rating evaluations, injury data was subjected to ANOVA 
using the PROC MIXED procedure in SAS v. 9.3 (SAS Institute Inc. 100 SAS Campus Drive 
Cary, NC 27513-2414, USA) with experimental replication (nested within site-year) as a random 
effect parameter (Blouin et al. 2011). Least square means were calculated and mean separation (p 
≤ 0.05) was produced using PDMIX800 in SAS, which is a macro for converting mean 
separation output to letter groupings (Saxton 1998). 
Results and Discussion 
Paraquat Study 
 Application timing was significant for rice injury 3, 7, 14, 21, and 28 DAA (Table 2.3). 
At 3 DAA, the greatest rice injury was >13% from rice receiving paraquat at 7, 14, and 21 DAH 
(P = 0.0001). The least injury 3 DAA was exhibited by rice receiving paraquat application 28 
DAH (10%). Rice receiving paraquat at 7 and 28 DAH produced injury similar to 0 DAH at 3 
DAA. By 7 DAA, the 7 and 14 DAH treatments produced the greatest injury (P = 0.0001), 17 
and 18%, respectively. At 7 DAA, treatments applied 28 DAH produced the least injury at 10%. 
Paraquat applied 0 DAH caused injury similar to both 21 and 28 DAH. Regardless of paraquat 
application timing, 14 DAA was similar (P = 0.3616) (11 to 13%; data not shown). At the 21 
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DAA evaluation paraquat applied 7 DAH caused the least injury, 8% (P = 0.0019). The greatest 
injury 21 DAA, was 12% following a paraquat application 14 DAH. Paraquat injury 21 DAA 
following applications 0 DAH was similar to that from 7 and 14 DAH applications. At the 28 
DAA evaluation paraquat applied 7 DAH produced the greatest injury 8%, while applications 
made 0 DAH produced lesser injury, 5% (P = 0.0001).  
Across all evaluations, rice injury ranged from 5 to 18% (Table 2.3). Lesser injury at later 
evaluations may be due to the natural desiccation of the rice plant which caused injury symptoms 
to become less apparent. Similarly, paraquat applied 28 DAH produced injury less than paraquat 
at other application timings, possibly due to the desiccation observed prior to this later 
application timing. 
 Quadratic trends were detected for rough rice grain yield, total seed weight, total seed 
number, seed panicle-1, and head rice yield following paraquat applications at 28 g ha-1 (Table 
2.4; Figure 2.1 and 2.2). Linear trends were detected for 1,000-grain weight and harvest index 
(Table 2.4 and Figure 2.2). 
 Rough rice grain yield following paraquat application was reduced by >12% from 0 to 21 
DAH (P = 0.001; R = 0.7140) (Figure 2.1). Paraquat applied 28 DAH produced relative grain 
yields >95%. Following a paraquat application at 0 DAH rough rice grain yield was reduced by 
16%. The greatest yield reduction following paraquat occurred 7 DAH (21%), with similar yield 
reductions (17%) following paraquat applied 14 DAH.  
A linear trend was observed for 1,000-grain weight (P = 0.0148; R = 0.4227) (Figure 
2.2). Paraquat application 0 DAH produced weight reductions of 8% compared with the 
nontreated. Reductions in 1,000-grain weight decreased by 0.29% d-1 for a paraquat application 
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following 0 DAH. Paraquat application 14 DAH or later produced 1,000-grain weight >95% of 
the nontreated. 
Total seed weight was reduced 0 to 21 DAH (P = 0.0470; R = 0.4176) (Figure 2.2). The 
greatest seed weight reduction (26%) was observed following paraquat 7 DAH. At 21 DAH, total 
seed weight reductions were 22%, while a paraquat application 28 DAH produced total seed 
weight >95% of the nontreated.  
Total seed number was reduced >10% from paraquat 0 to 21 DAH (P = 0.0500; R = 
0.4233). The greatest reduction in total seed number (20%) was from paraquat 7 DAH. Similarly, 
seed panicle-1 was reduced >10% following paraquat 0 to 21 DAH (P = 0.0486; R = 0.4725). 
Paraquat applied 7 DAH produced the greatest reduction in seed panicle-1, 20% (Figure 2.2). 
Rice following paraquat application 28 DAH exhibited seed panicle-1 >95% of the nontreated. 
A linear trend was detected for harvest index following paraquat treatments (P = 0.0482; 
R = 0.4174). The greatest reductions in harvest index was following paraquat 0 DAH, 17% 
(Figure 2.2). Reductions in harvest index decreased 0.43% d-1 for paraquat following 0 DAH 
(Table 2.4). Harvest index reduction remained 6% with paraquat applied 28 DAH.  
A quadratic trend was detected with paraquat applications for head rice yield (P = 0.0012; 
R = 0.5604). Paraquat applied 7 to 14 DAH produced head rice yield <93% of the nontreated. 
Head rice yield reduction was 9 and 7% due to a paraquat application 7 or 14 DAH, respectively 
(Figure 2.2). 
 Following paraquat at 28 g ha-1, rice injury ranged from 5 to 18%. Similar studies 
reported a sub-lethal paraquat exposure to rice at vegetative or reproductive stages resulted in 
rice injury ranging from 40 to 91%, dependent upon application growth stage (Lawrence et al. 
2018; Calhoun et al. 2016). While estimates of visual injury in the current research were not as 
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severe as those suggested by some, injury observed due to paraquat was substantial. Rough rice 
grain yield reductions of >12% were observed 0 to 21 DAH following paraquat. Similar 
reductions were observed with 1,000-grain weight, total seed weight, total seed number, and seed 
panicle-1. These observations suggest that paraquat application 0 to 21 DAH may cause rough 
rice grain yield reduction by reducing grain-filling capability as well as reducing seed number. 
Similarly, Lawrence et al. (2018) reported a 28% reduction in rough rice yield following a 
paraquat application to rice in the two- to three-leaf growth stage, with reductions in seed 
panicle-1 and 1,000-grain weight. Calhoun et al. (2016) also reported yield reductions of 45 to 
96% with rice exposure to paraquat during reproductive stages. Paraquat exposure to other grass 
crops such as corn, demonstrated similar yield reductions of 0.5% d-1 during vegetative growth 
(Sperry et al. 2019). Harvest index was also reduced >6% following paraquat, 0 to 28 DAH. 
Head rice yield was reduced 7 to 14 DAH due to paraquat exposure. These observations suggest 
that rice exhibits severe sensitivity to paraquat 0 DAH through 21 DAH. 
Glyphosate Study 
 At all application timings and evaluations no visible rice injury was observed with 
glyphosate at 126 g ha-1 (data not presented). Glyphosate is a readily translocated, systemic 
herbicide and what symptoms appear are normally on new emerging vegetation (Shaner, 2014a). 
At later growth stages, there is little to no new emerging vegetation rendering glyphosate injury 
symptoms undetectable. 
 A quadratic trend was detected for rough rice grain yield following glyphosate from 0 
DAH to 28 DAH (Table 2.4 and Figure 2.3). Linear trends were detected for total seed weight, 
total seed number, seed panicle-1, and harvest index (Table 2.4 and Figure 2.4). 
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 Rough rice grain yield following glyphosate application was reduced >6% from 0 DAH 
to 28 DAH (P = 0.0065; R = 0.5132) (Figure 2.3). The greatest yield reduction was 19% 
following glyphosate 0 DAH. Glyphosate applications after 0 DAH resulted in rough rice grain 
yield decreases <10%. However, yield reductions >5% were observed from glyphosate at all 
application timings. At 28 DAH, rough rice grain yield was reduced 6% with glyphosate (Figure 
2.3).  
Total seed weight followed a linear trend with the greatest reductions (23%) from 
glyphosate applied 0 DAH (P = 0.0024; R = 0.4427) (Figure 2.4). Reductions in total seed 
weight decreased by 0.95% d-1 for a glyphosate application after 0 DAH. Rice following 
applications 21 DAH or later produced total seed weight >95%.  
Similarly, total seed number reduction (26%) due to glyphosate was greatest 0 DAH (P = 
0.0001; R = 0.5360) (Figure 2.4). Total seed number increased 1.1% d-1 for a glyphosate 
application following 0 DAH. Rice following glyphosate applications 21 to 28 DAH produced 
total seed number >95%.  
The greatest reduction in seed panicle-1 (27%) followed glyphosate 0 DAH (P = 0.0002; 
R = 0.5662) (Figure 2.4). Reductions in seed panicle-1 decreased by 0.99% d-1 following a 
glyphosate application after 0 DAH. Glyphosate applied 21 DAH or later resulted in seed 
panicle-1 >95% of the nontreated.  
Harvest index observations followed a linear trend (P = 0.0025; R = 0.4489). Harvest 
index was least, 78%, following glyphosate 0 DAH (Figure 2.4). Reductions in harvest index 
decreased by 0.82% d-1 for glyphosate following 0 DAH. 
 No rice injury was observed from glyphosate at any application timing. Hensley et al. 
(2013) reported no visible injury due to glyphosate applications were observed at reproductive 
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rice growth stages. Congruently, corn exhibited no injury when exposed to glyphosate at rates 
<100 g ha-1 (Brown et al. 2009). Rough rice grain yield reductions >6% were observed following 
glyphosate applications 0 to 28 DAH. Yield reduction was 19% following glyphosate 0 DAH. 
The greatest yield and yield component reductions were from glyphosate 0 DAH. Similarly, 
rough rice yield reductions from glyphosate at the boot growth stage were observed to be >50% 
(Hensley et al. 2013). Glyphosate exposure to wheat at reproductive growth stages caused 
similar yield reductions, 54% (Roider et al. 2007). However, Hensley et al. (2013) reported no 
effects on yield with glyphosate exposure at rice maturity. This report contrasts the 6% rough 
rice grain yield reductions observed with an application 28 DAH in the current research. 
Although rice yield reductions in the current research were not as severe as reported at vegetative 
stages in rice or reproductive stages in wheat (Hensley et al. 2013; Roider et al. 2007), rough rice 
grain yield loss occurred following exposure 0 DAH to 28 DAH. This data suggests that rice 
sensitivity to glyphosate exposure encompasses the entire growing season up to 1 wk. before 
harvest. 
Saflufenacil Study 
 Rice injury was significant 3, 7, 14, 21, and 28 DAA with saflufenacil applied at 5 g ha-1. 
While injury was observed for all application timings and evaluation intervals, rice injury was 
<5%. Therefore, injury following saflufenacil 0 to 28 DAH carries no agronomical significance 
and will not be presented. 
 A quadratic trend was detected for rough rice grain yield following saflufenacil 
applications from 0 DAH to 28 DAH (P = 0.0091; R = 0.6778) (Table 2.4 and Figure 2.5). While 
a trend was observed due to saflufenacil applications, relative yield was >95% for all application 
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timings (Figure 2.5). No other trends were detected for all parameters following saflufenacil 
application from 0 to 28 DAH. 
 While rice injury from saflufenacil was observed, all estimates of visual injury were 
<5%. Congruent observations were reported by Montgomery et al. (2014), where saflufenacil 
applications at two- to three- leaf produced estimates of visual injury <13%. In the current 
research, a quadratic yield trend was observed following a saflufenacil application 0 to 28 DAH. 
However, relative yield was >95% for all application timings and no trends were observed for all 
other parameters. Similarly, Montgomery et al. (2014) reported no effect on rice yield or milling 
quality following saflufenacil application. These observations suggest that rice sensitivity to 
saflufenacil from 0 to 28 DAH is minimal. 
Sodium Chlorate Study 
 Rice injury was significant 3, 7, 14, 21, and 28 DAA with sodium chlorate applied at 280 
g ha-1. While injury was observed for all application timings and evaluation intervals, rice injury 
was <5%. Therefore, injury following sodium chlorate 0 to 28 DAH carries no agronomical 
significance and will not be presented. 
 A linear trend was detected for rough rice grain yield following sodium chlorate 
application from 0 DAH to 28 DAH (P = 0.0204; R = 0.5972) (Table 2.4 and Figure 2.6). While 
a trend was observed from sodium chlorate applications relative yield was >95% for all 
application timings (Figure 2.6). No other trends were observed for all parameters following 
sodium chlorate application 0 to 28 DAH. Calhoun et al. (2016) reported similar findings 
suggesting sodium chlorate applications to rice resulted in minimal crop injury and had no effect 
on rough rice yield. These observations suggest that rice sensitivity to sodium chlorate from 0 to 
28 DAH is minimal. 
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Paraquat and Saflufenacil Study 
 Rice injury was significant 3, 7, 14, 21, and 28 DAA when paraquat and saflufenacil 
were applied as a mixture (Table 2.3). At the 3 DAA evaluation the least injury was from 
paraquat and saflufenacil 28 DAH (P = 0.0001). Applications 7, 14, or 28 DAH produced similar 
injury, >13%. At 7 DAA, the greatest injury was in plots receiving an application 14 DAH (18%) 
(P = 0.0001). The least injury was from paraquat and saflufenacil 28 DAH (7%). Rice injury 
following applications 0, 7, or 21 DAH was similar and less than 14 DAH, >13%. At the 14 
DAA evaluation paraquat and saflufenacil 0, 7, or 14 DAH caused injury similar to one another 
and greater than plots receiving an application 21 DAH (P = 0.0018). All applications of 
paraquat and saflufenacil caused injury <10%, 21 DAA (Table 2.3). Rice injury from paraquat 
and saflufenacil 0 DAH was greater than 14, 21, and 28 DAH, while similar to 7 DAH (P = 
0.0236). At 28 DAA, paraquat and saflufenacil 0 or 7 DAH caused injury similar to one another 
(P = 0.0750) (8 to 9%; data not shown).  
Across all evaluations, rice injury ranged from 6 to 18% (Table 2.3). Lesser injury at later 
evaluations may be due to the natural desiccation of the rice plant which caused injury symptoms 
to become less apparent. Similarly, application 28 DAH produced injury less than other 
application timings, possibly due to the desiccation observed prior to this later application 
timing. 
 A quadratic trend was detected for head rice yield following paraquat and saflufenacil 
(Table 2.4 and Figure 2.8). Linear trends were detected for rough rice grain yield, 1,000-grain 
weight, and total seed weight (Table 2.4; Figure 2.7 and 2.8).  
Rough rice grain yield following paraquat + saflufenacil 0 DAH was reduced 19% (P = 
0.0001; R = 0.6756). Reductions in yield decreased by 0.75% d-1 for an application following 0 
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DAH (Figure 2.7). An application 21 DAH or later produced rough rice grain yield >95% of the 
nontreated.  
Rice 1,000 grain-weight was reduced >5% when an application was made 0 to 14 DAH 
(P = 0.0001; R = 0.6139). Reductions in 1,000-grain weight decreased by 0.43% d-1 for an 
application of paraquat and saflufenacil following 0 DAH (Figure 2.8).  
Total seed weight was reduced >8% following paraquat and saflufenacil 0 to 21 DAH (P 
= 0.0154; R = 0.4832). The greatest reduction in total seed weight (22%) was observed from 
paraquat and saflufenacil 0 DAH. Reduction in total seed weight decreased 0.61% d-1 for an 
application following 0 DAH.  
Head rice yield exhibited a quadratic trend from paraquat and saflufenacil applications (P 
= 0.0029; R = 0.4988) (Table 2.4). Reductions in head rice yield were >7% 0 to 14 DAH. The 
greatest reduction in head rice yield (14%) was from paraquat and saflufenacil 14 DAH. 
Applications made 21 DAH or later resulted in >95% relative head rice yield. 
 In the current research following a paraquat and saflufenacil application, rice injury 
ranged from 6 to 18%. Lawrence et al. (2018) and Calhoun et al., (2016) reported rice injury and 
recovery with sub-lethal paraquat applications to rice. While estimates of injury in the current 
research, were not as severe as those suggested at earlier growth stages, injury observed due to a 
paraquat and saflufenacil application was considerable. Rough rice grain yield reductions were 
observed to be greatest with an application 0 DAH (19%). Applications made after 0 DAH 
exhibited lesser reductions, and rice receiving application 21 DAH or later produced relative 
grain yield >95% of the nontreated. Yield component trends resembled reductions in rough rice 
grain yield due to a paraquat + saflufenacil application. Rice 1,000- grain weight and total seed 
weight exhibited greatest reductions 0 DAH and were unaffected with applications made 21 
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DAH or later. Congruent observations were reported by Lawrence et al. (2018) where reductions 
in rough rice grain yield due to paraquat applications were similar to harvest parameters. In the 
current research, head rice yield was influenced by paraquat and saflufenacil applications where 
reductions were >7% 0 to 14 DAH. These observations suggest that rice may exhibit severe 
sensitivity to a paraquat and saflufenacil application 0 to 21 DAH. 
Paraquat and Sodium Chlorate Study 
 Rice injury was significant 3, 7, 14, 21, and 28 DAA when paraquat and sodium chlorate 
was applied as a mixture (Table 2.3). At the 3 DAA evaluation plots receiving an application 28 
DAH exhibited the lowest estimates of visual injury, 8% (P = 0.0007) (Table 2.3). Paraquat and 
sodium chlorate applied 0 to 21 DAH produced injury >11% and similar to one another. At 7 
DAA, an application 14 DAH produced the greatest injury symptomology (18%) (P = 0.0001). 
At the 7 DAA evaluation, rice receiving paraquat and sodium chlorate 28 DAH exhibited the 
least injury. Applications 0, 7, or 21 DAH produced injury >13% and similar to one another. At 
the 14 DAA rating interval an application made 0 to 14 DAH produced injury similar to one 
another and greater than 21 DAH (P = 0.0103). At 21 DAA, injury from paraquat and sodium 
chlorate applications was <10%, and similar to one another (P = 0.0593) (data not shown). By 28 
DAA, applications 0 or 7 DAH produced injury similar to one another (P = 0.4964) (8%; data 
not shown). In general, as DAA rating interval increased estimates of visual injury decreased, 
similar to the paraquat timing study, this may be caused by the natural desiccation of the rice 
plant causing herbicide injury to become less distinct. Similarly, an application made 28 DAH 




Across all evaluations, rice injury ranged from 8 to 18% (Table 2.3). Lesser injury at later 
evaluations may be due to the natural desiccation of the rice plant which caused injury symptoms 
to become less apparent. Similarly, application 28 DAH produced injury less than other 
application timings, possibly due to the desiccation observed prior to this later application 
timing. 
 A quadratic trend was detected for rough rice grain yield following paraquat and sodium 
chlorate (P = 0.0033; R = 0.6703) (Table 2.4 and Figure 2.9). An application of paraquat and 
sodium chlorate reduced rough rice grain yield >6%, 0 to 21 DAH (Figure 2.9). The greatest 
reduction in rough rice grain yield (24%) was observed following applications 0 DAH. Paraquat 
and sodium chlorate applications 28 DAH produced relative yield >95%.  
A linear trend was observed for 1,000-grain weight (P = 0.0091; R = 0.4839) (Table 2.4 
and Figure 2.10). Rice 1,000-grain weight following paraquat and sodium chlorate 0 to 14 DAH 
was <95% of the nontreated. Applications 0 DAH reduced 1,000-grain weight by 13%. 
Reductions in 1,000-grain weight decreased by 0.23% d-1 for applications made following 0 
DAH. 
 Following paraquat and sodium chlorate, rice injury ranged from 8 to 18% at all 
application timings and evaluations. Lawrence et al. (2018) reported injury with sub-lethal 
concentrations of paraquat alone and in mixture to rice at the two- to three-leaf growth stage. 
Calhoun et al. (2016) suggested rice injury to paraquat at reproductive stages ranged from 14 to 
91%. While estimates of visual injury in the current research was not as severe as those 
suggested, injury observed due to a paraquat and sodium chlorate application was substantial 
from 0 to 28 DAH. Rough rice grain yield was reduced from paraquat and sodium chlorate 0 to 
21 DAH. Greatest yield reductions were observed 0 DAH (24%). Similarly, 1,000-grain weight 
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was reduced >5% for applications made 0 to 14 DAH, with the greatest reduction following an 
application made 0 DAH. Lawrence et al. (2018) reported reductions in rough rice grain yield 
following paraquat applications also resulted in reduction of yield components. Observations 
from the current research suggest that rice may exhibit severe sensitivity to a paraquat and 
sodium chlorate application 0 to 21 DAH. 
Conclusions 
This research evaluating rice grain yield, yield component, and milling quality response 
to sub-lethal concentration of common desiccants applied late in the season suggests that rice 
sensitivity varies across desiccants and application timing. Five of six desiccants and all 
application timings evaluated produced some level of rice injury. No rice injury was observed 
with glyphosate across all evaluations. Similarly, Hensley et al. (2013) reported no visible injury 
with glyphosate applied at reproductive growth stages. Studies containing paraquat (paraquat, 
paraquat and saflufenacil, and paraquat and sodium chlorate) produced injury >5% at all 
evaluations regardless of application timing. Congruently, Lawrence et al. (2018) reported severe 
(35 to 60%) rice injury when paraquat was applied in vegetative stages of rice growth. Rice 
injury following saflufenacil or sodium chlorate were <5% for all application timings and 
evaluations. Lesser rice injury throughout the growing season may have been due to the natural 
desiccation of the rice which caused herbicide injury to become less distinct.  
Rough rice grain yield and yield components also exhibited differential responses across 
desiccants and application timings. Rough rice grain yield was reduced with four of six 
desiccants. Rice following exposure to saflufenacil or sodium chlorate produced rough rice grain 
yield >95% across all application timings. In contrast, rough rice grain yield following all 
glyphosate applications was reduced by >6%, with the greatest reduction following an 
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application 0 DAH, 19%. Glyphosate application reduced total seed weight, total seed number, 
and seed panicle-1. The greatest reduction of yield and yield components occurred with a 
glyphosate application 0 DAH. Paraquat applications reduced rough rice grain yield >12% 0 to 
21 DAH. Similarly, paraquat and saflufenacil and paraquat and sodium chlorate, reduced rough 
rice grain yield >6% following application 0 to 14 and 0 to 21 DAH, respectively. Following a 
paraquat application, total seed weight, total seed number, and seed panicle-1 were reduced >5% 
0 to 21 DAH. Rice 1,000-grain weight was reduced >5% for all studies containing paraquat. 
Head rice yields were unaffected by four of the six desiccants. However, reductions in head rice 
yield >5% were detected following applications of paraquat or paraquat and saflufenacil 0 to 14 
and 0 to 21 DAH respectively. 
In the current research, rough rice grain yields were reduced by exposure to sub-lethal 
concentrations of soybean desiccants 0 to 28 DAH. Rice injury was determined to not be an 
accurate predictor of rough rice grain yield loss as injury did not exceed 20% with any desiccant, 
and no injury was observed from glyphosate applications. Paraquat applications reduced rough 
rice grain yield by inhibiting the capabilities of the rice plant to complete proper reproduction at 
a critical time. This is evident in the reductions of total seed weight, total number of seed, and 
seed panicle-1. Proper grain-fill during ripening was also inhibited due to paraquat applications, 
as indicated by the reductions of 1,000-grain weight and head rice yield. In contrast to paraquat, 
glyphosate applications caused rough rice grain yield reductions only by inhibiting the proper 
reproduction completion at critical times. Glyphosate had little to no effect on grain-fill during 
ripening in the current research. This theory is supported by the reductions observed in total seed 
weight, total seed number, and seed panicle-1 following glyphosate exposure. Head rice yield and 
1,000-grain weight were unaffected by glyphosate applications. This contrast in response may be 
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observed due to the differences in plant uptake and translocation of these desiccants. The 
systemic nature of glyphosate may have lent itself to manifest injury in other parameters such as 
incomplete panicle emergence and blanked panicles. Whereas, the visible injury to leaf area 
caused by paraquat may have inhibited the photosynthetic capabilities of the rice plant during 
critical periods of grain-fill and ripening. The absence of rice response following late-season 
applications of saflufenacil or sodium chlorate suggests that these desiccants have no effect on 
rough rice grain yield, yield components, or milling quality at these growth stages. Desiccants 
applied in mixture with paraquat, paraquat and saflufenacil and paraquat and sodium chlorate, 
cause rough rice grain yield and milling quality reduction driven by the paraquat portion of said 
mixture. This data indicates that late-season exposure to sub-lethal concentrations of desiccants 
from 0 DAH to 28 DAH has an impact on rough rice grain yield, yield components, and head 
rice yield. In Mississippi, desiccant applications can occur over a varied range of dates 
encompassing a large window of rice reproduction and ripening. In our study four of six 
desiccants exhibited a negative impact on rough rice grain yield and yield components depending 
on application timing. Simultaneously, two of the desiccants exhibited a negative impact on head 
rice yield quality depending on application timing. Rough rice grain yield reductions coupled 
with milling quality reductions and driven by the proximity of rice to corn, cotton, soybean, and 
sorghum in Mississippi creates the need to exercise caution when applying desiccants. 
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Table 2.1 Geographic location, soil classification, and agronomic information for field 
studies evaluating rice response to sub-lethal concentrations of desiccants managed 
at the Delta Research and Extension Center in 2016-2018. 
 
Site-year Coordinates Soil Series Description Previous crop pH OM 














Clayey over loamy, 









Clayey over loamy, 














Table 2.2 Selected dates of agronomic management events for research trials managed at the 
Delta Research and Extension Center during 2016-2018 for research trials 
evaluating rice response to sub-lethal concentrations of desiccants. 
Site-year Planting Date 
Flood Establishment 
Date 
50% Heading Date 
Harvest 
Date 
2016 5/11 6/24 8/22 9/28 
2017  5/18 6/29 8/23 9/28 
2018  5/15 6/28 8/24 10/2 
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Table 2.3 Rice injury 3, 7, 14, 21, and 28 d after application (DAA) as influenced by application time following exposure to 
paraquat at 28 g ha-1 (Paraquat Study), saflufenacil at 5 g ha-1 (Saflufenacil Study), sodium chlorate at 280 g ha-1 
(Sodium Chlorate Study), paraquat and saflufenacil (Paraquat and Saflufenacil Study), and paraquat and sodium 
chlorate (Paraquat and Sodium Chlorate Study) for research established during 2016-2018 at the Delta Research and 
Extension Center. 
Desiccant Application timingb 
Rice Injurya 
3 DAA 7 DAA 14 DAA 21 DAA 28 DAA 
  ----------------------------------------------%------------------------------------------ 
Paraquat Study 
  0 DAH     12 bcd   12 bc 11 a  10 ab 5 b 
  7 DAH     13 abc 17 a 13 a  8 b 8 a 
14 DAH 16 a 18 a 13 a  12 a - 
21 DAH  15 ab 13 b 12 a - - 
28 DAH  10 cd 10 c - - - 
Saflufenacil Study 
  0 DAH 2 b   3 ab   2 bc 4 a 2 a 
  7 DAH   3 ab   3 ab 4 a   2 bc 1 b 
14 DAH 2 b 4 a   2 bc 1 c - 
21 DAH 2 b   3 ab 1 c -  - 
28 DAH 4 a 2 b - - - 
Sodium Chlorate 
Study 
  0 DAH 4 a 5 a 4 a 4 a 4 a 
  7 DAH 4 a 4 a 4 a 4 a 3 b 




Table 2.3 (continued) 
 21 DAH 3 a 4 a 3 b  - - 
 28 DAH 3 a 2 b - - - 
Paraquat and 
Saflufenacil Study 
  0 DAH 11 b 13 b 11 a 9 a 7 a 
  7 DAH   13 ab 15 b 11 a   8 ab 7 a 
14 DAH 14 a 18 a 11 a 7 b - 
21 DAH   13 ab 13 b 8 b - - 
28 DAH 7 c 7 c - - - 
Paraquat and Sodium 
Chlorate Study 
  0 DAH 12 a 14 b 12 a 9 a 8 a 
  7 DAH 13 a 14 b 11 a 8 a 8 a 
14 DAH 14 a 18 a 11 a 8 a - 
21 DAH 13 a 13 b 8 b - - 
28 DAH   8 b   8 c - - - 
aMeans within a column, within a study followed by the same letter are not significantly different at P ≤ 0.05. 






Table 2.4 Regression coefficients following exposure to paraquat at 28 g ha-1 (Paraquat Study), glyphosate at 126 g ha-1 
(Glyphosate Study), saflufenacil at 5 g ha-1 (Saflufenacil Study), sodium chlorate at 280 g ha-1 (Sodium Chlorate Study), 
paraquat and saflufenacil (Paraquat and Saflufenacil Study), and paraquat and sodium chlorate (Paraquat and Sodium 
Chlorate Study) for rough rice grain yield, yield components and milling components for research established during 
2016-2018 at the Delta Research and Extension Center. 
Desiccant Parametera Intercept SEb Linear SEb Quadratic SEb 
Paraquat Study 
Rough rice grain yield 83.0427 3.3569 -0.5412 0.2437 0.0381 0.0085 
1,000-grain weight 93.4042 3.9993 0.2931 0.1156 - - 
Total seed weight m-2 82.3020 8.3339 -1.4851§ 1.0392 0.0701 0.0350 
Total seed # m-2 90.5349 9.9280 -1.8303§ 1.1199 0.0724 0.0386 
Seed panicle-1 83.8990 8.1443 -1.1204§ 0.8757 0.0670 0.0298 
Harvest index 79.7663 6.5501 0.4307 0.2111 - - 
Head rice yield 94.4692 1.0712 -0.3979 0.1720 0.0208 0.0057 
Glyphosate Study 
Rough rice grain yield 83.2430 3.8736 1.2268 0.3270 -0.0317 0.0112 
Total seed weight m-2 77.4180 8.9028 0.9545 0.2894 - - 
Total seed # m-2 76.5187 8.3523 1.0233 0.2359 - - 
Seed panicle-1 77.7860 7.9970 0.9931 0.2350 - - 





Table 2.4 (continued) 
Saflufenacil Study Rough rice grain yield 96.0308 1.9809 0.9395 0.3083 -0.2874 0.0106 
Sodium Chlorate 
Study 
Rough rice grain yield 97.7114 2.1690 0.2050 0.0855 - - 
Paraquat and 
Saflufenacil Study 
Rough rice grain yield 82.2472 1.3857 0.7546 0.0791 - - 
1,000-grain weight 92.0189 2.4544 0.4250 0.0730 - - 
Total seed weight m-2 80.6796 8.3854 0.6130 0.2420 - - 
Head rice yield 95.0842 1.5543 -0.7530 0.2622 0.02841 0.0088 
Paraquat and Sodium 
Chlorate Study 
Rough rice grain yield 76.7193 1.6282 1.3985 0.2466 -0.02645 0.0085 
1,000-grain weight 90.6037 2.1465 0.2342 0.0859 - - 
aData presented as % nontreated. 
bSE-standard error term. 





Figure 2.1 Rough rice grain yield following paraquat applications at 28 g ha-1 in the Paraquat 












Figure 2.2 Rice 1,000 grain weight (a.), seed weight (b.), seed number (c.), seed panicle-1 
(d.), harvest index (e.), and head rice yield (f.) following paraquat applications at 
28 g ha-1 in the Paraquat study for research established during 2016-2018 at the 





Figure 2.3 Rough rice grain yield following glyphosate applications at 126 g ha-1 in the 
Glyphosate study for research established during 2016-2018 at the Delta Research 













Figure 2.4 Rough Rice seed weight (a.), seed number (b.), seed panicle-1 (c.), and harvest 
index (d.), following glyphosate applications at 126 g ha-1 in the Glyphosate study 












Figure 2.5 Rough rice grain yield following saflufenacil applications at 5 g ha-1 in the 
Saflufenacil study for research established during 2016-2018 at the Delta Research 












Figure 2.6 Rough rice grain yield following sodium chlorate applications at 280 g ha-1 in the 
Sodium Chlorate study for research established during 2016-2018 at the Delta 










Figure 2.7 Rough rice grain yield following applications of a mixture of paraquat and 
saflufenacil at 28 and 5 g ha-1 respectively, in the Paraquat and Saflufenacil study 













Figure 2.8 Rice 1,000 grain weight (a.), seed weight (b.), and head rice yield (c.) following 
applications of a mixture of paraquat and saflufenacil at 28 and 5 g ha-1 
respectively, in the Paraquat and Saflufenacil study for research established during 










Figure 2.9 Rough rice grain yield following applications of a mixture of paraquat and sodium 
chlorate at 28 and 280 g ha-1 respectively, in the Paraquat and Sodium Chlorate 












Figure 2.10 Rice 1,000-grain weight following applications of a mixture of paraquat and 
sodium chlorate at 28 and 280 g ha-1 respectively, in the Paraquat and Sodium 
Chlorate timing study for research established during 2016-2018 at the Delta 
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RICE CULTIVAR RESPONSE AS INFLUENCED BY EXPOSURE TO  
SUB-LETHAL CONCENTRATIONS OF GLYPHOSATE AND  
PARAQUAT LATE IN THE SEASON. 
Abstract 
Differential herbicide tolerance may be observed among rice cultivars with herbicide 
exposure events during rice reproduction and ripening. Five field studies were established at the 
Mississippi State University Delta Research and Extension Center in Stoneville, MS, to 
determine the effects of exposure to sub-lethal concentrations of common desiccants across 
multiple rice cultivars. Rice cultivars in the study were ‘CLXL745’, ‘XL753’, ‘CL163’, ‘Rex’, 
and ‘Jupiter’. Herbicide treatments included no herbicide, paraquat, or glyphosate and were 
applied at the 50% heading growth stage respective to cultivar. Differential injury estimates 
among cultivars and herbicide treatments was observed when glyphosate or paraquat was applied 
at 50% heading. Injury from glyphosate at 50% heading was non-detectable across all cultivars. 
However, injury following paraquat applications was >7% across all rating intervals and 
cultivars. Hybrid cultivars exhibited less injury with paraquat applications than the inbred 
cultivars in the study. Rice following exposure to glyphosate or paraquat at 50% heading growth 
stage produced rough rice grain yield decreases ranging from 0 to 20 and 9 to 21 %, respectively. 
Rough rice grain yield decreases were observed across all cultivars following paraquat exposure, 
and all inbred cultivars following glyphosate exposure. Across herbicide treatment, head rice 
yield was reduced in three of five cultivars in the study. When pooled across cultivar paraquat 
applications cause a head rice yield reduction of 10%, while rice following glyphosate 
application remained >95%. While differential tolerance among cultivars to paraquat or 
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glyphosate exposure was observed, impacts on grain quality coupled with yield reductions 
suggests extreme rice sensitivity to exposure to sub-lethal concentrations of these herbicides at 
the 50% heading growth stage. 
Introduction 
Rice production in the midsouthern U.S. utilizes mostly inbred long-grain cultivars with 
tropical japonica heritage; however, inbred medium-grain cultivars are also grown in moderation 
filling geographical or industrial niches (McKenzie et al. 2014). In recent years, hybrid cultivars 
have increased in production hectarage due to their yield advantages along with disease 
resistance and shorter vegetative stage duration (Lyman and Nalley 2013). Inbred long-grain 
cultivars, inbred medium-grain cultivars, and hybrid cultivars exhibit differing growth habits and 
may exhibit differential responses and tolerance to herbicides (Bond and Walker 2011; Bond and 
Walker 2012; Scherder et al. 2004; Willingham et al. 2008; Zhang et al. 2005; Montgomery et al. 
2014). 
Previous research has indicated that long-grain cultivars exhibit greater tolerance to 
herbicides than medium-grain or hybrid cultivars (Bond and Walker 2011, 2012; Bond et al. 
2007; Scherder et al. 2004; Willingham et al. 2008). Bond and Walker (2011) compared the 
response to imazamox of the inbred long-grain cultivar ‘CL161’ with two hybrid cultivars 
‘CLXL729’ and ‘CLXL745’. When Imazamox was applied across five growth stages, hybrid 
cultivars exhibited less tolerance and greater yield reductions than the inbred cultivar (Bond and 
Walker 2011). A similar study suggested variable tolerance to quinclorac among rice cultivars 
where yields of the inbred long-grain cultivar ‘Cheniere’ and the hybrid cultivar ‘XL723’ were 
reduced more than that for the inbred long-grain cultivar ‘Bowman’ (Bond and Walker 2012). 
Willingham et al. (2008) observed the hybrid cultivar ‘XP172’ was less tolerant to penoxsulam 
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than inbred long- or medium-grain cultivars. Zhang et al. (2005) evaluated cultivar differences to 
application of bispyribac-sodium and reported five inbred long-grain rice cultivars exhibited 
equivalent tolerance, but two medium-grain cultivars exhibited differential tolerance between 
one another and to that of the long-grain cultivars. Applications of saflufenacil have produced 
greater injury on hybrid and medium grain cultivars compared with inbred long grain cultivars. 
(Montgomery et al. 2014).  
Studies evaluating rice exposure to sub-lethal concentrations of non-target herbicides, 
have also reported differential tolerance may be observed among rice cultivars (Kurtz and Street, 
2001; Koger et al. 2005; Bond and Walker 2011). Kurtz and Street (2001) reported yield 
differences across the inbred long-grain cultivars ‘Cypress’, ‘Lemont’, and ‘Priscilla’ following 
exposure to glyphosate. Yield reductions were less for Lemont (8%) than that of Cypress (87%) 
or Priscilla (67%) when glyphosate was applied at the boot growth stage (Kurtz and Street 2001). 
Similarly, ‘Cocodrie’ exhibited greater yield reductions when exposed to glyphosate than 
‘Priscilla’ (Koger et al. 2005). The most likely explanation for varied herbicide tolerance among 
long- and medium-grain rice cultivars is differences in tolerance among the parent lines utilized 
in cultivar development. Wenefrida et al. (2004) reported that the parent line for CL161 was 
eight times more tolerant to imazethapyr than the parent line for ‘CL121’. Differences among 
parent lines may explain tolerance differences between inbred and hybrid cultivars as well (Bond 
and Walker 2011).  
 In Mississippi, rice is often grown in close proximity to soybeans, cotton, corn, or grain 
sorghum. While early season rice response to herbicide exposure has been evaluated, the 
extensive usage of desiccants in Mississippi creates the potential for exposure later in the season. 
With the potential for late-season exposure coupled with differential herbicide tolerance among 
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rice cultivars, a need for research evaluating rice cultivar response with a late-season herbicide 
exposure was created. The primary objective of this research was to evaluate rice cultivar rough 
rice grain yield and milling quality response to exposure to sub-lethal concentrations of 
glyphosate and paraquat. The ultimate goal of the research is to provide a greater understanding 
of the rice cultivar differences in response to late-season exposure of glyphosate or paraquat. 
This will provide data for accurate rice management decisions regarding a late-season off-target 
herbicide exposure event.  
Materials and Methods 
 Five Field studies, one in 2016 and two each in 2017 & 2018 were established at the 
Mississippi State University Delta Research and Extension Center in Stoneville, MS to 
determine the effects of sub-lethal concentrations of glyphosate and paraquat on multiple rice 
cultivars. Global positioning system coordinates, soil series, soil description, previous crop, soil 
pH, and soil organic matter (OM) for each study are described in Table 3.1.   
Each year a management plan consisting of glyphosate (Roundup PowerMax 4.5 L, 1,120 
g ae ha-1, Monsanto Company, 800 N. Lindburgh Blvd., St. Louis, MO 63167) and/or paraquat 
(Gramoxone 2.0 SL, 560 g ai ha-1, Syngenta Crop Protection, P.O. Box 18300 Greensboro, NC 
27409) was applied at each site year to control emerged vegetation. Clomazone (Command 3 
ME, 498 g ai ha-1, FMC Corporation, 1735 Market St., Philadelphia, PA 19103) plus saflufenacil 
(Sharpen 2.85 SC, 4.5 g ai ha-1, BASF Crop Protection, 26 Davis Dr., Research Triangle Park, 
NC, 27709) were applied PRE each site year for residual weed control. Propanil, (Stam M4, 
1,121 g ai ha-, RiceCo, 5100 Poplar Avenue, Suite 2428, Memphis, TN 38137) 1 and quinclorac 
(Facet 1.50 SL, 375 g ai ha-1, BASF Crop Protection, 26 Davis Dr., Research Triangle Park, NC, 
27709) plus halosulfuron (Permit 75 DF, 12 g ai ha-1, Gowan Company, P.O. Box 5569, Yuma, 
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AZ 85364) were applied preflood. Across all studies N fertilizer was applied at a uniform rate of 
80 kg N ha-1 in the form of urea (46-0-0) prior to flood establishment. When rice reached the two 
tiller stage a 6-10 cm permanent flood was established across all plots. Rice management closely 
followed the Mississippi State University Extension Service recommendations for stand 
establishment, pest management, and irrigation management (Buehring 2008). 
A cultivar response study was conducted at the Mississippi State University Delta 
Research and Extension Center in Stoneville, MS, to determine the response to paraquat and 
glyphosate of five rice cultivars common to Mississippi. The rice cultivars were drill-seeded at 
their respective recommended seeding rates (41 kg ha-1, hybrid or 83 kg ha-1, inbred) using a 
small-plot grain drill (Great Plains 1520, Great Plains Mfg, Inc., 1525 East North St., Salina, KS 
67401) into conventionally tilled plots. Plots measured 1.5 x 4.5 m, containing 8 rows of rice 
spaced 20 cm apart, 4.5 m in length and separated by a perpendicular alley 1.5 m in width. 
Treated plots were bordered on either side by identically sized buffer plots to minimize treatment 
contamination across the experimental area.  
Individual studies were arranged with a 3 (herbicide treatment) x 5 (rice cultivar) 
factorial within a randomized block design with four replications. Herbicide treatments included 
no herbicide, paraquat at 28 g ha-1, and glyphosate at 126 g ha-1, applied at the 50% heading 
(when 50% of panicles had emerged from the leaf sheath) growth stage respective to cultivar. All 
herbicide treatments were applied at 1/10 of the recommended harvest aid use rate in Mississippi 
(Wolf et al., 1992; Anonymous, 2018) using a CO2-pressurized backpack sprayer equipped with 
flat-fan nozzles (AM11002 nozzle, Greenleaf Technologies, 230 E Gibson St., Covington, LA 
70433) set to deliver 140 L ha-1 at 206 kPa using water as a carrier. Simulated off-target 
movement tested with constant carrier volume utilizes reduced herbicide rates to simulate low 
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concentration exposure (Ellis et al. 2002; Davis et al. 2011). All herbicide treatments included 
MSO at 1% v/v. Rice cultivar treatments included the hybrid long-grain cultivars ‘CLXL 745’ 
(HorizonAg, 8275 Tournament Dr. Suite 255, Memphis, TN 38125) and ‘XL 753’ (RiceTec Inc., 
13100 Space Center Blvd., Suite 300 Houston, TX 77059), the inbred long-grain cultivars 
‘CL163’ (HorizonAg, 8275 Tournament Dr. Suite 255, Memphis, TN 38125) and ‘Rex’ 
(Mississippi State University, Mississippi State, MS 39762), and the inbread medium-grain 
cultivar‘Jupiter’ (LSU Ag Center, 101 Efferson Hall Baton Rouge, LA 70803). 
Visible estimates of rice injury were recorded 3, 7, 14, 21, and 28 days after applications 
(DAA) on a scale of 0 to 100% with 0 indicating no visual effect of herbicides and 100 
indicating complete plant death. At maturity, whole aboveground portions of rice plants were 
collected from a random 1-m section from rows 2 or 7 in each plot to determine rice dry weight, 
yield components (panicle number-1 m2 and 1000-grain weight), and harvest index. Plots were 
then mechanically harvested with a small-plot combine (Wintersteiger Delta, Wintersteiger, Inc., 
4705 W. Amelia Earhart Dr., Salt Lake City, UT 84116) to obtain rough rice yield. Rice yields 
were recorded and adjusted to 12% moisture for uniform statistical yield analysis. Hand-
harvested samples were allowed to dry in the greenhouse for 2 wk at 32 to 49 (± 5) C, then 
weighed to determine rice dry weight, and weights were converted to g m-2. The total number of 
panicles in each hand-harvested sample were counted to determine panicle number m-2 (panicle 
density). Hand-harvested samples were then threshed using a plot thresher to determine seed 
1000-grain weight.  Harvest index in each plot was calculated by dividing the grain weight by 
the total plant dry weight. Total milled (consisting of whole and broken kernels) and head rice 
(consisting of whole kernels) yields were then determined from cleaned 120-g subsamples of 
rough rice utilizing the procedure outlined by Adair et al. (1972). Percentage of nontreated 
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control data were calculated by dividing the data from the treated plot by that in the nontreated 
control plot in the same replication and multiplying by 100. 
 Data was subjected to ANOVA using the PROC MIXED procedure in SAS v. 9.4 (SAS 
Institute Inc. 100 SAS Campus Drive Cary, NC 27513-2414, USA) with experimental replication 
(nested within site-year) as a random effect parameter (Blouin et al. 2011). Type III Statistics 
were used to test the fixed effects of cultivar and herbicide treatment for rice grain yield, rice 
injury, total aboveground dry weight, yield components (panicle number-1 m2 and 1000-grain 
weight), harvest index, and milling component data (total milled and head rice yield). For each 
relationship, maximum relative yield was defined as 5% less than the predicted maximum 
(100%) (Slaton et al. 2010). Least square means were calculated and mean separation (p < 0.05) 
was produced using PDMIX800 in SAS, a macro for converting mean separation output to letter 
groupings (Saxton 1998). 
Results and Discussion 
Rice Injury 
The interaction of rice cultivar and herbicide treatment influenced rice injury (Table 3.3). 
At all evaluations, no injury was observed from rice receiving glyphosate (Table 3.5). At 3 DAA, 
rice injury following a paraquat application was greatest (17%) for the inbred cultivar Rex. The 
hybrid cultivars XL753 and CLXL745 exhibited less injury, 11 and 9 % respectively, than all 
inbred cultivars 3 DAA (Table 3.5). At 7 DAA, paraquat application to cultivar Rex produced 
the greatest visual injury (18%) followed by paraquat applications to cultivars in the order of 
magnitude of CL163 = Jupiter, CL163 > XL753, Jupiter = XL753 > CLXL745 (Table 3.5). Rex 
following a paraquat application produced the greatest visual injury (15%) 14 DAA, followed by 
paraquat applications to cultivars in the order of magnitude of Jupiter > CL163 > XL753 = 
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CLXL745 (Table 3.5). At the 21 DAA evaluation, rice injury was greatest with cultivars Rex and 
Jupiter, 11% respectively, followed by paraquat applications to cultivars in the order of 
magnitude of CL163 > XL753 > CLXL745 (Table 3.5). At 28 DAA, rice injury had reduced to 
less than 11%. Paraquat applications to cultivars Rex and Jupiter produced the greatest visual 
injury 28 DAA, 11 and 10% respectively, followed by paraquat applications to cultivars in the 
order of magnitude of CL163 > XL753 = CLXL745 (Table 3.5).  
Cultivar sensitivity to glyphosate was observed to be similar across all cultivars tested, 
with glyphosate producing no rice injury at all evaluations (0%). Congruent with the current 
research, Davis et al. (2011) reported <3% visual injury with glyphosate exposure at 
reproductive growth stages. Glyphosate is a readily translocated, systemic herbicide and what 
little glyphosate symptoms appear are normally on new emerging vegetation (Shaner 2014). By 
50% heading there is little to no new emerging vegetation rendering glyphosate injury symptoms 
undetectable. However, rice cultivar injury tolerance varied with paraquat applications. In 
general, hybrid cultivars XL753 and CLXL745 exhibited greater tolerance across evaluations 
with regards to injury than all inbred cultivars. Differential tolerance to paraquat applications 
was observed among inbred cultivars as Rex exhibited the greatest injury symptomology 3 to 21 
DAA. Differential cultivar injury symptomology to herbicides has been observed in a number of 
crops including rice, soybean [Glycine max (L.) Merr.] corn (Zea mays L.), and wheat (Triticum 
aestivum L.) (Edwards et al. 1976; Griffin and Baker 1990; Renner et al. 1988; Runyan et al. 
1982). Physiological differences among rice cultivars may have been attributed to the differences 
observed in visible injury. Rex exhibits a prominent and wide flag leaf compared to other 
cultivars (Solomon et al. 2012). Previous research has suggested that medium-grain rice cultivars 
may exhibit lower herbicide tolerance than long-grain cultivars (Lanclos et al. 1999; Mudge et al. 
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2005). However, in the current research, medium-grain inbred cultivar Jupiter exhibited similar 
injury with inbred long-grain cultivars. This research suggests hybrid cultivar tolerance in 
regards to visible injury following paraquat applications at the 50% heading growth stage is 
greater than that of inbred cultivars. In contrast, hybrid cultivar XL723 has shown greater injury 
than inbred cultivars with clomazone exposure in early vegetative rice (Golden et al. 2017).  
Rice Dry Weight 
 Rice dry weight was influenced by the main effect of herbicide treatment when pooled 
across rice cultivar (Table 3.4). Following glyphosate application rice dry weight was 98% of the 
nontreated. However, following paraquat application rice dry weight was less, 90%. Rice dry 
weight reductions of 10% following paraquat application may be attributed to the visible injury 
measured with these applications. Rice injury may have allowed for faster desiccation of the 
plants than plots receiving no herbicide or glyphosate applications, resulting in reductions of rice 
dry weight at harvest. 
Rough Rice Grain Yield 
 The interaction of rice cultivar and herbicide treatment influenced rough rice grain yield 
(Table 3.4). Following applications of glyphosate to the hybrid cultivars XL753 and CLXL745 
rough rice grain yield was 102 and 101% respectively (Table 3.6). XL753 and CLXL745 
produced rough rice grain yields of 94 and 89% following an application of paraquat. Rough rice 
grain yields following paraquat application to the hybrid cultivars were less than their respective 
yields following glyphosate application. Inbred cultivar CL163 exhibited rough rice grain yield 
of 87 and 86 % following glyphosate or paraquat application respectively, and were similar to 
one another. Similarly, inbred cultivar Rex produced rough rice grain yield of 85% following 
 
71 
glyphosate or paraquat application. Rough rice grain yield was similar, 81 and 79% for Jupiter 
(medium-grain, Inbred) following glyphosate or paraquat application, respectively. Among 
inbred cultivars applications of glyphosate or paraquat caused similar yield reductions to one 
another (Table 3.6). Rough rice grain yield of the hybrid cultivar CLXL745 was reduced 
similarly to the inbred cultivars following paraquat application (11%), while also similar to that 
of XL753 following paraquat exposure.  
Differences among cultivars and herbicide tolerance has been reported previously 
(Golden et al. 2017; Davis et al. 2011; Lanclos et al. 2005; Mudge et al. 1999). Previous research 
suggests hybrid cultivars may incur greater yield reductions than inbred cultivars with glyphosate 
exposure (Davis et al. 2011). However, in the current research hybrid cultivars exhibited no yield 
decrease with glyphosate applied at the 50% heading growth stage, while all inbred cultivars 
evaluated presented yield reductions of >14% with glyphosate exposure at the same growth 
stage. The inbred medium-grain cultivar Jupiter exhibited tolerance similar to the other inbred 
cultivars following application of glyphosate or paraquat at 50% heading, with yield reductions 
of 19 and 21%, respectively. In contrast, previous literature has suggested that medium-grain rice 
cultivars are less tolerant to some herbicides than long-grain cultivars (Lanclos et al. 1999; 
Mudge et al. 2005). Paraquat applications resulted in rough rice grain yield reductions across all 
cultivars ranging from 6 to 21%. These observations were congruent with findings reported by 
Namenek et al. (2001) and Calhoun et al. (2016), suggesting yield reductions ranging from 45 to 
96% when rice was exposed to paraquat at various growth stages. In the current research, yield 
reductions with glyphosate ranged from 13 to 19% among inbred cultivars. Likewise, Hensley et 
al. (2013) reported rice yield reductions due to a glyphosate exposure at vegetative and 
reproductive growth stages. In the current research, rough rice grain yield was reduced following 
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applications of paraquat across all cultivars or glyphosate with inbred cultivars. However, lesser 
reductions than previously reported evaluating these herbicides were observed. Lesser yield 
reductions in the current research could be due to the later timing of herbicide application (50% 
heading) when compared to previous studies. 
Yield Components 
1,000-grain weight 
 Rice 1,000-grain weight was influenced by the main effect of rice cultivar when pooled 
across herbicide treatment (Table 3.4). The inbred medium-grain cultivar Jupiter exhibited the 
least 1,000-grain weight (91%) following exposure to glyphosate or paraquat (Table 3.7). Rice 
1,000-grain weight following glyphosate or paraquat exposure was greatest with cultivars 
CLXL745 and Rex. Rex 1,000-grain weight was also similar to CL163 and XL753. With the 
exception of Jupiter, all rice cultivars displayed 1,000-grain weight >95% of the nontreated.  
 In our study, reductions in 1,000-grain weight were observed with the inbred medium-
grain cultivar Jupiter following glyphosate or paraquat applications. Leaf removal or herbicide 
injury has been demonstrated to affect rice seed weight and yield (Counce et al. 1994; Davis et 
al. 2011). Research conducted by Davis et al. (2011) suggests rice injury due to glufosinate or 
glyphosate can reduce seed weight by up to 14%. Similarly, Counce et al. (1994), observed rice 
seed weight reductions due to leaf removal. While rice injury was observed following paraquat 
application with all rice cultivars evaluated, Jupiter exhibited the greatest injury 21 and 28 DAA. 
This demonstrated inability of Jupiter to exhibit any sort of recovery from paraquat application 
may have contributed to the reduction in 1,000-grain weight. While previous studies have 
reported seed weight reductions due to glufosinate or glyphosate applications in both inbred and 
hybrid cultivars (Davis et al. 2011). The current research only observed 1,000-grain weight 
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reduction in the inbred medium-grain cultivar Jupiter. This data suggests that the grain-fill 
capability of Jupiter was negatively influenced following glyphosate or paraquat exposure. 
Rice harvest index 
 Rice harvest index was influenced by the main effect of rice cultivar when pooled across 
herbicide treatment (Table 3.3). The lowest rice harvest index (67%) was produced by Jupiter 
following glyphosate or paraquat exposure (Table 3.7). CL163 produced the greatest rice harvest 
index (97%), following glyphosate or paraquat exposure. Rice harvest index for CLXL745 was 
93% and similar to CL163, Rex, and XL753. Rex and XL753 produced rice harvest index less 
than CL163 but greater than that of Jupiter. Of the five cultivars evaluated four produced rice 
harvest index <95% following glyphosate or paraquat exposure.  
 Rice harvest index reductions have been suggested to be a strong predictor of yield 
reductions (Perez et al. 2006). In the current research, rough rice grain yield was reduced 
following paraquat application across all cultivars and glyphosate application among inbred 
cultivars. Observed reductions in harvest index may be strong indicators of either grain or grain-
fill loss due to glyphosate or paraquat exposure. The greatest harvest index reductions were with 
Jupiter, which also exhibited rough rice grain yield reductions following glyphosate or paraquat 
application. Harvest index reductions may also suggest that affected cultivars did not realize 
decreases in vegetative dry weight accumulation, but rather decreases in grain weight 





Total Milled Rice 
 Total milled rice was influenced by the interaction of rice cultivar and herbicide (Table 
3.4). While an interaction was detected for total milled rice, all rice cultivars and herbicide 
treatments produced total milled rice >95% of the nontreated (Table 3.8). Therefore, data is not 
different than the relative maximum rendering it not agronomically significant.  
Head rice yield 
 Head rice yield was influenced by the main effects of rice cultivar and herbicide (Table 
3.4). Pooled across rice cultivar, rice receiving glyphosate application produced a greater head 
rice yield (99%) than that of rice receiving paraquat application (92%). A head rice yield 
reduction following paraquat exposure of 8% suggests that across cultivar, rice grain quality 
expresses sensitivity to paraquat exposure, while glyphosate has no effect on milling quality.    
Pooled across herbicide, cultivar Rex produced the lowest head rice yield (90%) 
following exposure to glyphosate or paraquat (Table 3.9). The cultivars Jupiter and XL753 
produced head rice yield similar to one another and >95%. XL753 produced head rice yield also 
similar to that of CLXL745 and CL163. The rice cultivars CLXL745, CL163, and Rex produced 
head rice yield <95% and similar to one another, following exposure to glyphosate or paraquat.  
This data suggests that rice milling quality sensitivity to glyphosate or paraquat exposure 
varies among cultivars. Of the five cultivars evaluated three exhibited reductions in head rice 
yield. Observed reductions were due to paraquat exposure, as glyphosate application exhibited 
no effect on head rice yield across cultivar. This impact on grain quality, combined with yield 





In the current research, differential visible injury tolerance was exhibited among rice 
cultivars and herbicide treatments when glyphosate or paraquat was applied at 50% heading. 
Rice injury from glyphosate at 50% heading was non-detectable across all cultivars and therefore 
less than injury following paraquat application. These observations correspond to research that 
suggests late-season glyphosate application to rice causes little to no visible injury symptoms 
(Davis et al. 2011; Ellis et al. 2003). However, rice injury following paraquat application was 
>7% across all rating intervals and rice cultivars. Differential tolerance to paraquat application 
was observed among cultivars with hybrids expressing less injury than inbred cultivars. 
Differences in physiological characteristics such as flag leaf area may have allowed for greater 
herbicide contact, in turn creating greater injury to inbred cultivars following paraquat exposure. 
While no visible injury from glyphosate was detected, rough rice grain yield was reduced among 
inbred cultivars. Rice injury due to glyphosate application may have manifested itself in other 
parameters such as incomplete panicle emergence, along with curled and blanked kernels. These 
data suggest that visible injury may not be an accurate predictor of rough rice grain yield loss in 
a late-season exposure event of glyphosate or paraquat onto rice.  
Applications of sub-lethal concentrations of glyphosate or paraquat to rice at 50% 
heading caused rough rice grain yield decreases ranging from 0 to 20 and 9 to 21 % respectively. 
Previous studies suggest that yield reductions from glyphosate or paraquat applications at 
reproductive growth stages may be in excess of 50% (Namenek 2001; Calhoun et al. 2016; 
Hensley et al. 2013). In the current research, yield reductions may not have reached this severity 
due to the later timing of applications (50% heading). Rough rice grain yield observations from 
the current research suggest hybrid cultivars XL753 and CLXL745 are unaffected following 
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glyphosate exposure at 50% heading. In contrast, previous research suggested that hybrid 
cultivars may incur greater yield reductions than inbred cultivars when glyphosate was applied at 
the PI growth stage (Davis et al. 2011). The dissimilarity in hybrid yield reductions may be 
attributable to the later growth stage at which glyphosate exposure occurred. However, inbred 
cultivars exhibited yield losses following exposure to glyphosate at the same growth stage. This 
data leads to the inference that some hybrid cultivars may have greater tolerance to glyphosate 
exposure at 50% heading than inbred cultivars. Observations in 1,000-grain weight and harvest 
index suggest that paraquat or glyphosate exposure may affect rice cultivars differently while 
achieving similar rough rice grain yield reductions. Jupiter was the only cultivar to exhibit 1,000-
grain weight <95%. While Jupiter exhibited similar rough rice grain yield reductions as the other 
inbred cultivars, this observation suggests that late-season paraquat or glyphosate exposure 
effects the grain fill capability of Jupiter as well as the reproductive capacity of the plant. 
Similarly, harvest index observations suggest that Jupiter is less tolerant to late-season exposure 
than the other cultivars in the study. CL163 produced harvest index >95% suggesting it was able 
to maintain some level of biomass accumulation even with glyphosate or paraquat exposure. 
Across herbicide treatment, head rice yield was reduced in three of five cultivars in the study. 
When pooled across cultivar, paraquat applications caused a head rice yield reduction of 10%, 
while rice following glyphosate application remained >95%. Head rice yield of Jupiter and 
XL753 were unaffected by paraquat or glyphosate exposure suggesting a greater capacity for the 
grain of these cultivars to retain integrity resulting in a lesser number of brokens during the 
milling process. In the current research, impacts due to paraquat or glyphosate exposure suggests 
extreme rice sensitivity to these herbicides at the 50% heading growth stage. Rice milling quality 
reductions together with rough rice grain yield reductions across both hybrid and inbred cultivars 
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in the study suggest that rice sensitivity to paraquat exposure may be greater than that of 























Table 3.1 Geographic location, soil classification, and agronomic information for field 
studies evaluating rice cultivar response to sub-lethal concentrations of glyphosate 
and paraquat at Mississippi State University Delta Research and Extension Center 
in Stoneville, MS. 
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Table 3.2 Selected dates of agronomic management events for research trials managed at the 
Delta Research and Extension Center in 2016-2018 for research trials evaluating 
rice cultivar response to sub-lethal concentrations of glyphosate and paraquat. 






2016 5/7   6/18 8/2 - 8/9 9/21 
2017 A 5/8   6/22     8/11 - 8/21 9/25 
2017 B   5/17   6/29     8/15 - 8/21 9/27 
2018 A 5/2 6/8   7/27 - 8/8 9/21 





Table 3.3 Analysis of variance for rice injury at 3, 7, 14, 21, and 28 d after application (DAA) in a study evaluating sub-lethal 




3 DAA 7 DAA 14 DAA 21 DAA 28 DAA 
----------------------------------p-value-------------------------------- 
Rice Cultivar 4 0.0001 0.0001 0.0001 0.0001 0.0001 
Herbicide Treatment 2 0.0001 0.0001 0.0001 0.0001 0.0001 
Rice Cultivar* 
Herbicide Treatment 











Table 3.4 Analysis of variance for rough rice grain yield, dry weight, # panicle m-2, 1,000-grain weight, harvest index, and milling 
component data in a study evaluating sub-lethal concentrations of glyphosate and paraquat managed at the Delta 



















Rice Cultivar 4 0.6250 0.0001 0.1983 0.0004 0.0004 0.1442 0.0329 
Herbicide Treatment 2 0.0332 0.0042 0.4787 0.1399 0.2232 0.0001 0.0008 
Rice Cultivar* 
Herbicide Treatment 




Table 3.5 Analysis of variance for rough rice grain yield, dry weight, # panicle m-2, 1,000-
grain weight, harvest index, and milling component data in a study evaluating sub-
lethal concentrations of glyphosate and paraquat managed at the Delta Research 





3 DAA 7 DAA 14 DAA 21 DAA 28 DAA 
  -----------------------------------%----------------------------------- 
XL753 
glyphosate  0 d  0 e  0 e  0 e  0 d 
paraquat 11 c 10 c  8 d  8 c  5 c 
CLXL745 
glyphosate  0 d  0 e  0 e  0 e  0 d 
paraquat  9 c 9 d  8 d  6 d  5 c 
CL163 
glyphosate  0 d  0 e  0 e  0 e  0 d 
paraquat 13 b 13 b 10 c  9 b  8 b 
Rex 
glyphosate  0 d  0 e  0 e  0 e   0 d 
paraquat 17 a 18 a 15 a 11 a 11 a 
Jupiter 
glyphosate  0 d  0 e  0 e  0 e  0 d 
paraquat 13 b  11 bc 11 b 11 a 10 a 























Table 3.6 Rough rice grain yield as influenced by the interaction of rice cultivar and 
herbicide treatment for research established during 2016-2018 at the Delta 




Rough rice grain yielda,b 
  % 
XL753 
glyphosate 102 a 
paraquat    94 bc 
CLXL745 
glyphosate  101 ab 
paraquat   89 cd 
CL163 
glyphosate    87 cde 
paraquat   86 de 
Rex 
glyphosate   85 de 
paraquat   85 de 
Jupiter 
glyphosate 81 e 
paraquat 79 e 
             aMeans within a column followed by the same letter are not significantly different at P ≤ 0.05. 
























Table 3.7 Rice 1,000-grain weight and harvest index as influenced by the main effect of rice 
cultivar pooled across herbicide treatment for research established during 2016-
2018 at the Delta Research and Extension Center. 
Rice cultivar 1,000-grain weighta,b Harvest indexa,b 
 % % 
XL753   97 b 84 b 
CLXL745 100 a   93 ab 
CL163   96 b 97 a 
Rex     99 ab 81 b 
Jupiter   91 c 67 c 
                     aMeans within a column followed by the same letter are not significantly different at P ≤ 0.05. 
































Table 3.8 Total milled rice as influenced by the interaction of rice cultivar and herbicide 





Total milled ricea,b 
  % 
XL753 
glyphosate 100 a 
paraquat   97 c 
CLXL745 
glyphosate    98 bc 
paraquat   97 c 
CL163 
glyphosate 100 a 
paraquat   97 c 
Rex 
glyphosate   97 c 
paraquat   97 c 
Jupiter 
glyphosate     99 ab 
paraquat   97 c 
                    aMeans within a column followed by the same letter are not significantly different at P ≤ 0.05. 
























Table 3.9 Head rice yield as influenced by the main effect of rice cultivar pooled across 
herbicide treatment for research established during 2016-2018 at the Delta 
Research and Extension Center. 
Rice cultivar Head rice yielda,b 
 % 
XL753    98 ab 
CLXL745    92 bc 
CL163    93 bc 
Rex  90 c 
Jupiter 100 a 
                      aMeans within a column followed by the same letter are not significantly different at P ≤ 0.05.  
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CHARACTERIZATION OF RICE GRAIN QUALITY RESPONSE TO PARAQUAT 
EXPOSURE AND RICE STINK BUG (OEBALUS  PUGNAX) FEEDING. 
Abstract 
Rice grain quality sensitivity to paraquat was observed in our previous studies, while 
reductions in rice quality make the rice stink bug one of the most important pests of rice. Two 
field studies, one in 2017 and 2018 were established at the Mississippi State University Delta 
Research and Extension Center in Stoneville, MS to characterize the effects of paraquat exposure 
and rice stink bug feeding on rice grain quality. Adult O. pugnax were collected from heading 
grasses and placed into sleeve cages with two adult O. pugnax infested on 10 individual rice 
panicles in 6.6 m2 plots. Paraquat was applied to 10 individual panicles plot-1 using a bottle 
sprayer containing a concentration of paraquat at 0.01186 µl ml-1 to simulate fines occurring 
from an off target herbicide drift rate of paraquat at 28.08 g ai ha-1 applied at 140 L ha-1.  
Treatments were initiated at the soft-dough rice growth stage. Reductions in total kernel weight 
were similar for paraquat exposure and O. pugnax infestation. Damaged kernels 5g-1 was similar 
due to paraquat exposure or O. pugnax infestation. Rice subjected to paraquat exposure or O. 
pugnax infestation produced similar damaged kernel %, 21.1 and 21.6 % respectively. Paraquat 
exposure or O. pugnax infestation produced total milled rice similar to one another and less than 
that of the nontreated, 71.1 and 70.2 % respectively. Head rice yield reductions due to paraquat 
exposure or O. pugnax infestation were 3.1 and 5.5 %, respectively. While the impact of an O. 
pugnax infestation in Mississippi rice fields has been well documented and economic thresholds 
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developed, our study suggests that a paraquat exposure event may cause similar losses. 
Therefore, these observations warrant consideration and caution to be taken when a paraquat 
exposure event or O. pugnax infestation is observed in rice at the soft dough growth stage. 
Introduction 
Rice is a host to a wide variety of pests throughout the growing season and it is estimated 
that over 800 insect pest species utilize rice during growth and development (Dale 1994). These 
pests consist of grain suckers, leaf feeders, sap suckers, stem borers, and root feeders to comprise 
the complex of pests that may be encountered in a rice field (Mackill and McKenzie 2003; Dale 
1994). Rice growers in Mississippi concern themselves with two major rice pests, the rice stink 
bug, (Oebalus pugnax (F.)) and the rice water weevil (Lissorhoptus oryzophilus). These two 
insects are known to cause significant reductions in the quantity and quality of rice produced in 
Mississippi each year (Awuni 2013). The rice stink bug is commonly considered the most 
injurious late season pest in all midsouthern rice producing states and Mississippi rice growers 
and researchers widely consider it the most important pest of rice (Douglas and Ingram 1942; 
Collum 2005). 
 The commonly called ‘rice stink bug’ or Oebalux pugnax belongs to the family 
Pentatomidae, in the order Hempitera. The rice stink bug procured its common name because of 
its preference for rice as a host plant compared to other plant species and other insects within the 
same family (Awuni 2013). O. pugnax goes through a paurometabolous life cycle consisting of 
an egg, nymph, and adult. Life span of O. pugnax is estimated at 68 days for females and 43 days 
for males (Nilakhe 1976). Eggs of O. pugnax are barrel-shaped, usually in two alternating rows, 
cemented in cluster of 10 to 47 (Pathak 1968; Bowling 1967; Odglen and Warren 1962). Eggs 
begin as a light green color but turn reddish black when near maturity (Nilakhe 1976; Bowling, 
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1967; Odglen and Warren 1962). Eggs are deposited by the females on stems, leaves, or panicles 
of hosts (Bowling 1967; Odglen and Warren 1962). Egg incubation periods have been observed 
to last between 4-8 days (Esselbaugh 1948). O. pugnax nymphs pass through five instars prior to 
adulthood denoted by a nearly oval, black appearance with two or three black spots on a red 
abdomen (Douglas and Ingram 1942). The nymph stage last approximately 15-28 d dependent 
upon environmental factors until full maturity is reached (Douglas and Ingram 1942). As adults 
O. pugnax are described as straw colored, shield shaped, approximately 1.02-1.27 cm long with a 
slightly elongated body tapered towards the abdomen (Awuni 2013). Two visible humeral spines 
that sharply project forward over the shoulders assist in differentiating O. pugnax from other 
pentatomids (Awuni 2013). 
 O. pugnax has been observed to feed on a variety of hosts constituted by common grass 
species and including but not limited to vasey grass, barnyardgrass, bearded sprangletop, 
broadleaf signalgrass, dallisgrass, and crabgrass (Johnson 2016). Rice is the preferred cultivated 
crop host of O. pugnax but it may also be observed feeding in oats, wheat, and grain sorghum 
(Johnson 2016). Overwintering of O. pugnax begins as adults around October and hosts may 
include bunch grasses, trash, or under leaf litter (Douglas and Ingram 1942; Nilakhe 1976; Way 
1990). In the spring when conditions are favorable males emerge from overwintering sites 
approximately 10 days before females and immediately begin to feed on heading grasses 
(Nilakhe 1976). Once females emerge mating and reproduction begins immediately (Nilakhe 
1976). In the southern U.S. O. pugnax commonly goes through four to five generations per year, 




 O. pugnax distribution range in the U.S. consists of the land east of the Rocky Mountains, 
and as far north as New York, Southern Minnesota, and Southern Michigan to the Gulf Coast 
north of Mexico (Panizzi et al. 2000; Sailer 1944). Outside of the U.S. O. pugnax have been 
observed in Cuba and the West Indies (Panizzi et al. 2000; Sailer 1944). 
 Feeding activity of O. pugnax is encountered on the panicle of the host plant with adults 
and nymphs feeding in a similar fashion (Ingram 1927). In rice O. pugnax feeds by piercing rice 
kernels with modified piercing-sucking mouthparts through the exertion of mechanical pressure, 
and injection of enzymes contained in the salivary glands used to dissolve and digest liquid from 
the developing kernels (Miles 1959). The extent of injury exhibited by the rice plant may differ 
depending upon the growth stage in which the feeding occurred, insect density, and cultivar 
susceptibility (Espino et al. 2007; Bowling 1967; McPherson and McPherson 2000). Fields in 
which O. pugnax feeding occurs often exhibit substantial grain yield loss and reduced grain 
quality (Swanson and Newsom 1962). Dependent upon growth stage in which the feeding 
occurred damage can range from empty glumes, removal of the entire endosperm resulting in 
unfilled grains, to the presence of a chalky discoloration at the site of feeding referred to as 
“pecky rice” (Bowling 1967; Harper et al. 1993). Losses due to O. pugnax feeding are estimated 
to result in yield losses ranging from 5-10% per state per year (Gianessi 2009). The magnitude of 
yield loss and reduction in quality of rice make the rice stink bug one of the most important pests 
of rice. 
The use of dessicants for crop and weed desiccation has expedited and increased harvest 
efficiency throughout the Mid-South; however, the risk of off-target herbicide movement during 
these applications can be great. Off-target herbicide movements during application has been 
suggested to contain somewhere between 1/10 to 1/100 of the applied rate dependent upon 
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distance and environmental factors (Wolf et al. 1992; Al-Khatib and Peterson 1999). Off-target 
herbicide movement of sub-lethal rates has been documented to negatively impact numerous 
crops including corn, cotton, grain sorghum, soybean, and wheat (Al-Khatib et al. 2003; Ellis 
and Griffin 2002; Anderson et al. 2004; Marple et al. 2008; Ellis et al. 2003; Lawrence et al. 
2016; Roider et al. 2007). 
 The use of paraquat as a soybean harvest aid in Mississippi is recommended at a use rate 
of 140 to 280 g ai ha-1, when soybeans are fully developed with at least half of leaves dropped 
and remaining leaves turning yellow and a harvest interval of 15 days must be observed after 
herbicide application (Anonymous 2018). Paraquat is a non-selective, foliar applied herbicide, 
which inhibits the flow of electrons in photosystem I in susceptible plants (Shaner 2014b). 
Shortly after application paraquat is absorbed causing rapid wilting and desiccation visible 
within several hours with complete foliar necrosis occurring 1-3 days after application (DAA) 
(Shaner 2014b). Paraquat applied as a soybean desiccant has been observed to improve soybean 
harvest efficiency along with crop quality (Boudreaux and Griffin 2008). As measured by days 
to complete desiccation, paraquat was observed to be the most effective soybean harvest-aid 
when compared to glyphosate and ametryn (Whigham and Stoller 1979). 
In our previous studies rice grain quality sensitivity to a paraquat application was 
observed, while reductions in rice quality make the rice stink bug one of the most important pests 
of rice. The primary research objective was to evaluate rice grain quality response to late-season 
paraquat exposure and stink bug infestations. The ultimate goal of the research is to provide a 
greater understanding and characterization of these two events. This will provide data for 
accurate rice management decisions regarding the occurrence of either an off-target desiccant 
exposure or rice stink bug feeding.  
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Materials and Methods 
Two field studies, one in 2017 and 2018 were established at the Mississippi State 
University Delta Research and Extension Center in Stoneville, MS to determine the effects of 
paraquat exposure and rice stink bug feeding on rice grain quality. Geographic location, soil 
classification, and agronomic information for each study are described in Table 4.1.   
Each year a management plan consisting of glyphosate (Roundup PowerMax 4.5 L, 1,120 
g ae ha-1, Monsanto Company, 800 N. Lindburgh Blvd., St. Louis, MO 63167) and/or paraquat 
(Gramoxone 2.0 SL, 560 g ai ha-1, Syngenta Crop Protection, P.O. Box 18300 Greensboro, NC 
27409) was applied at each site year to control emerged vegetation. Clomazone (Command 3 
ME, 498 g ai ha-1, FMC Corporation, 1735 Market St., Philadelphia, PA 19103) plus saflufenacil 
(Sharpen 2.85 SC, 4.5 g ai ha-1, BASF Crop Protection, 26 Davis Dr., Research Triangle Park, 
NC, 27709) were applied PRE each site year for residual weed control. Propanil, (Stam M4, 
1,121 g ai ha-, RiceCo, 5100 Poplar Avenue, Suite 2428, Memphis, TN 38137) 1 and quinclorac 
(Facet 1.50 SL, 375 g ai ha-1, BASF Crop Protection, 26 Davis Dr., Research Triangle Park, NC, 
27709) plus halosulfuron (Permit 75 DF, 12 g ai ha-1, Gowan Company, P.O. Box 5569, Yuma, 
AZ 85364) were applied preflood. Across all studies N fertilizer was applied at a uniform rate of 
80 kg N ha-1 in the form of urea (46-0-0) prior to flood establishment. When rice reached the two 
tiller stage a 6-10 cm permanent flood was established across all plots. Rice management closely 
followed the Mississippi State University Extension Service recommendations for stand 
establishment, pest management, and irrigation management (Buehring 2008). 
 The rice cultivar ‘CL163’ (HorizonAg, 8275 Tournament Dr. Suite 255, Memphis, TN 
38125) was drill-seeded at 83 kg ha-1 using a small-plot grain drill (Great Plains 1520, Great 
Plains Mfg, Inc., 1525 East North St., Salina, KS 67401) into conventionally tilled plots. Plots 
measured 1.5 x 4.5 m, containing 8 rows of rice spaced 20 cm apart, 4.5 m in length and 
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separated by a perpendicular alley 1.5 m in width. Treated plots were bordered on either side by 
identically sized buffer plots to minimize treatment contamination across the field. Adult O. 
pugnax were collected from heading grasses in and around Stoneville, MS with a 38 cm sweep 
net (BioQuip Products, Rancho Dominguez, CA). The insects were sorted after every 10 sweeps, 
placed in 29 cm x 29 cm x 29 cm Bugdorm cages (Bioquip Products, Rancho Dominguez, CA) 
made of white 16 x 24 mesh polypropylene screen. In the laboratory, O. pugnax were maintained 
on 10% sugar solution for at least 12 h prior to infestation. Sleeve cage infestations were 
conducted with two adult O. pugnax infested on 10 individual rice panicles in 6.6 m2 plots. 
Sleeve cages were made from 20 mesh polyester/nylon netting with a drawstring to securely 
close the cage around the plant. Paraquat (Gramoxone 2.0 SL, herbicide, Syngenta Crop 
Protection, P.O. Box 18300 Greensboro, NC 27409) was applied to 10 individual panicles plot-1 
using a bottle sprayer (Uline, Pleasant Prairie, WI) containing a concentration of paraquat at 
0.01186 µl ml-1 to simulate fines occurring from an off target herbicide drift rate of paraquat at 
28.08 g ai ha-1 applied at 140 L ha-1. Treatments were initiated at the soft-dough rice growth 
stage. The experimental design was arranged as a randomized block design with four replications 
at each siteyear and included an untreated check.  
At maturity, panicles were hand harvested (10 treatment-1 plot-1), placed in a brown paper 
bag and air dried to 12% moisture in the greenhouse and threshed manually. Threshed samples 
were then weighed to determine kernel weight 10 panicles-1. A 5g subsample was then placed on 
a light table (PORTA-TRACE, Gagne and Associates, Binghamton, NY) that illuminated the 
kernels from below with a 30-watt bulb. Kernels were separated into damaged and non-damaged 
categories identified by the following characteristics: 1) shrunken kernels with a circular lesion 
that may or may not have been discolored, 2) kernels with partial or whole discoloration, and 3) 
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kernels with linear discoloration. Damaged kernels with these characteristics viewed under light 
through the hull were opaque and did not permit uniform light penetration through the hull at the 
location of discoloration. In contrast, clean kernels viewed under the light were translucent and 
permitted uniform light penetration through the hull. Damaged kernels were then counted and 
weighed to determine, # damaged kernels, damaged kernel weight, and damaged weight 
percentage. Total milled (consisting of whole and broken kernels) and head rice yield (consisting 
of whole kernels only) were then determined from cleaned 30-g subsamples of rough rice 
utilizing the small sample polishing procedure outlined by Bautista and Siebenmorgen (2002); 
ZaccariaUSA, Anna, TX. 
 Data was subjected to ANOVA using the PROC MIXED procedure in SAS v. 9.4 (SAS 
Institute Inc. 100 SAS Campus Drive Cary, NC 27513-2414, USA) with experimental replication 
(nested within siteyear) as a random effect parameter (Blouin et al. 2011). Type III Statistics 
were used to test the fixed effect of experimental factor for seed weight 10 panicles-1, # damaged 
kernels, damaged kernel weight, damaged weight percentage and milling component data (total 
milled and head rice yield). Least square means were calculated and mean separation (p < 0.05) 
was produced using PDMIX800 in SAS, a macro for converting mean separation output to letter 
groupings (Saxton 1998). 
Results and Discussion 
 Total kernel weight, # damaged kernels, damaged kernel weight, and damaged kernel % 
were influenced by experimental factor (Table 4.3). Total kernel weight was greatest per ten 
panicles with the nontreated (44.6 g). Reductions in total kernel weight were similar for paraquat 
exposure and O. pugnax infestation. Damaged kernels 5g-1 was similar due to paraquat exposure 
or O. pugnax infestation (Table 4.4). Nontreated panicles exhibited the least amount of damaged 
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kernels (37). Likewise, damaged kernel weight was greater and similar due to paraquat exposure 
or O. pugnax infestation (Table 4.4). With a lesser number of damaged kernels, nontreated plots 
produced the least damaged kernel weight (0.50 g 5g-1). The least damaged kernel % was 
observed with nontreated panicles (Table 4.4). Rice subjected to paraquat exposure or O. pugnax 
infestation produced greater and similar damaged kernel %, 21.1 and 21.6 % respectively. 
Previous studies have reported reductions of grain yield and yield components due to paraquat 
exposure or O. pugnax infestations (Namenek et al. 2001: Patel et al. 2006). These findings 
parallel our research, where paraquat exposure or O. pugnax infestation reduced total kernel 
weight, and increased the number of damaged kernels, damaged kernel weight, and damaged 
kernel %. 
 Total milled rice and head rice yield were influenced by the main effect of experimental 
factor (Table 4.3). The greatest total milled rice (73.6%) was achieved with the nontreated (Table 
4.5). Paraquat exposure or O. pugnax infestation produced total milled rice similar to one another 
and less than that of the nontreated, 71.1 and 70.2 % respectively. Similarly, nontreated panicles 
produced the greatest head rice yield 67.6 % (Table 4.5). The least head rice yield was observed 
with an O. pugnax infestation, 62.1%. Paraquat exposure produced head rice yield greater than 
O. pugnax exposure, but less than that of the nontreated (64.5 %). 
 In the current research both paraquat exposure and O. pugnax infestation were observed 
to have significant impacts on kernel weight and number as well as rice milling quality. Paraquat 
exposure and O. pugnax infestation exhibited similar decreases from the nontreated for total 
kernel weight, # damaged kernels, damaged kernel weight, and damaged kernel %. Total kernel 
weight 10 panicle-1 was reduced by 10 and 19% from the nontreated with a paraquat exposure or 
an O. pugnax infestation, respectively. Similarly, Namenek et al. (2001) observed significant 
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grain yield reductions due to paraquat exposure to rice. Reduction in kernel weight due to O. 
pugnax infestation at soft dough was also reported by Patel and associates (2006). In the current 
research, similar to total kernel weight, exposure to paraquat or O. pugnax infestation produced a 
greater number of damaged kernels, damaged kernel weight, and damaged kernel %. Increases in 
these parameters due to experimental factors were >45 % from the nontreated. These 
components directly contributed to the observed reduction in total kernel weight, and suggest 
that paraquat exposure or O. pugnax infestation exhibit similar effects on rice. Rice milling 
quality was also influenced by experimental factor. Total milled rice was reduced 2.5 and 3.4 % 
due to paraquat exposure or O. pugnax infestation respectively, when compared to the 
nontreated. Head rice yield reductions due to paraquat exposure or O. pugnax infestation were 
3.1 and 5.5 %, respectively. In the current research, observations of paraquat exposure or O. 
pugnax infestation of rice at the soft dough growth stage suggest rice may exhibit severe 
sensitivity to both events in the form of reduced kernel weight and reductions in rice milling 
quality. While the impact of an O. pugnax infestation in Mississippi rice fields has been well 
documented and economic thresholds developed, this data suggests that a paraquat exposure 
event may cause similar losses. Therefore, these observations warrant consideration and caution 
to be taken when a paraquat off-target herbicide movement event or O. pugnax infestation is 








Table 4.1 Geographic location, soil classification, and agronomic information for field 
studies evaluating rice response to off-target herbicide movement and O. pugnax 
feeding at Mississippi State University Delta Research and Extension Center in 
Stoneville, MS. 
Site-year Coordinates Soil Series Description Previous crop pH OM 





Clayey over loamy, 
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Table 4.2 Selected dates of agronomic management events for research trials managed at the 
Delta Research and Extension Center in 2017-2018 for research trials evaluating 












2017  5/18 6/29 8/23 9/8 9/28 





















Table 4.3 Analysis of variance p-values for rice response for research trials managed at the 
Delta Research and Extension Center in 2017-2018 for research trials evaluating 










































Table 4.4 Total kernel weight, # damaged kernels, damaged kernel weight, and damaged 
kernel % as influenced by experimental factor for research established during 










Damaged kernel  
 g # 5g-1 g 5g-1 % 
nontreated 44.6 a 37 b 0.50 b 10.0 b 
Paraquat 
exposure 
40.2 b 77 a 1.05 a 21.1 a 
O. pugnax 
infestation 
36.5 b 74 a 1.08 a 21.6 a 
             aMeans within a column followed by the same letter are not significantly different at P ≤ 0.05.
 
105 
Table 4.5 Total milled rice and head rice yield as influenced by experimental factor for 




Total milled rice Head rice yield 
 % % 
nontreated 73.6 a 67.6 a 
Paraquat 
exposure 
71.1 b 64.5 b 
O. pugnax 
infestation 
70.2 b 62.1 c 




Figure 4.1 Microscopic examination of O. pugnax feeding (a.), comparison of experimental factors (b.) (l to r: O. pugnax feeding, 
paraquat exposure, no damage), and kernel damage caused by paraquat exposure (c.) for research established during 
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